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Chapter 1
Introduction and motivation
The nuclear mass, being connected to the nuclear binding energy by Einstein’s equation
E=mc2, is one of the most fundamental properties in Nature. Each nuclide has a unique
mass value. Since the nucleus is a many-body quantum system that interacts through the
strong, weak and electromagnetic forces, no theory exactly predicts the nuclear masses
and thereby the binding energies. Several mass models can be applied which only agree to
each other within the range of well-known nuclear masses and have to be tested by high-
precision experimental data especially in the heavy mass region of the nuclear chart [1].
High-precision mass measurements are required for fundamental studies as well: For tests
of quantum-electrodynamics, as for example carried out for hydrogen-like and lithium-
like ions at the electron g-factor experiment at the University of Mainz [2], as well as for
astrophysical calculations and investigations of the nucleosynthesis [3]. If relative uncer-
tainties in the order of δm/m ≈ 10−11 are realised by the mass determination, the data
meet the requirements for application in metrology, e.g. for realising an atomic definition
of the kilogram [4]. Only a small fraction of ≈ 10% of the to date 3200 known nuclides
are stable [5]. Thus mass measurements on radionuclides are of high interest.
The highest precision in mass measurements is obtained with stored ions in Penning
traps since the mass determination is carried out via a frequency measurement. The
frequency is the physical quantity which can be determined with highest precision. An
overview about this method, the fields of application and the required uncertainties of the
mass to probe the associated physics can be found in a recent review article [6], including
a list of facilities implementing Penning traps for this purpose world-wide. The basic
principles of ion storage in Penning traps is described in Chapter 2 of the here presented
thesis, since the measurements within this work were carried out at them.
In Penning trap mass spectrometry the mass values are determined over a detection of
the ion’s cyclotron frequency νc being linked to the mass-to-charge ratio via the magnetic
field. In general two detection methods are applied in high-precision Penning trap mass
spectrometry:
• The Fourier Transform-Ion Cyclotron Resonance (FT-ICR) detection, where the
mass is determined in a non-destructive way, is based on the detection of induced
image currents in the trap electrodes which provide the required frequency infor-
mation. Then the signal is transferred into a voltage signal and amplified. This
detection technique is already in use for long time in chemistry [7]. The theoretical
principles, especially the generation of the signal-to-noise ratio will be discussed in
2 Chapter 1: Introduction and motivation
Chap. 3.1. In this context several noise sources will be presented and the require-
ments on the amplifiers are derived out of this. The signal processing is outlined as
well.
• A second method is the destructive Time-of-Flight-Ion Cyclotron Resonance (ToF-
ICR) detection, where the stored ions are excited in the trap and then ejected to a
detector (see Chap. 3.2). The mass can be determined via the time of flight between
the trap and the detector which is dependent on the excitation frequency and shows
a minimum at νc. For radionuclides relative mass uncertainties in the order of 10
−8
[8, 9] are achieved.
TRIGA-TRAP located at the research reactor TRIGA (Training Research and Iso-
tope production reactor General Atomic) at the Institute for Nuclear Chemistry at the
University of Mainz is such a high-precision Penning trap experiment [10, 11]. It aims for
direct on-line mass measurements of neutron-rich fission products to obtain input data
for astrophysical calculations as well as for direct off-line mass measurements on heavy
ions from uranium to californium for tests of mass models in this mass region. Figure 1.1
shows the production rates of fission nuclides using a 249Cf target in the TRIGA reac-
tor. More information can be found in Chap. 4, where furthermore a description of the
experimental setup of TRIGA-TRAP is given.
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Figure 1.1: Production rates of fission nuclides with a 300µg 249Cf target and a thermal
neutron flux of 1.8·1011 n/(cm2s) obtained at the research reactor TRIGA Mainz [11].
Within this work, a part of the non-destructive detection system of TRIGA-TRAP,
dedicated for the investigation of incoming ion bunches, has been developed and charac-
terised. A main advantage of this technique is that the trap content can be monitored
without destroying the ions. After contaminations are identified, they can be cleaned
away by a mass-selective excitation of the ion’s motion. Since a wide mass range should
be accessible, a broad-band detection system is required. For this purpose amplifiers
3working in the frequency range of interest and which should be directly connected to the
trap electrodes to amplify the small induced current signal are presented. A detailed
characterisation of their electronic properties like gain, equivalent input voltage noise and
input capacitance is carried out in Chap. 6. Since the TRIGA-TRAP experiment was in
the setup period during this thesis work was carried out, the amplifiers of choice were ad-
ditionally tested at the SHIPTRAP Penning trap experiment located at GSI (Gesellschaft
fu¨r Schwerionenforschung) Darmstadt [12, 13] (see Chap. 4). The results will be presented
and discussed.
In addition, TRIGA-TRAP features a high-sensitive non-destructive detection system
which can detect even a single singly charged heavy ion. At other high-precision Penning
trap experiments uncertainties in the mass determination in the order of 10−10 have been
realised with this technique [14, 15, 16].
For Penning trap mass spectrometry, the magnetic field has to meet several require-
ments, since it is often a limiting factor in the achievable precision in mass measurements.
A second main part of this work was thus the examination of the magnetic field of the su-
perconducting magnet at TRIGA-TRAP during the setup of the experiment (see Chap. 5).
The aim was to determine the optimal location of the traps in the homogeneous centers
of the superconducting magnet. To this end, the spacial homogeneity as well as the time
dependence of the magnetic field was investigated in this regions. The influence of these
effects on the systematic uncertainties and thus on the final precision (aside the statistical
limits) in the cyclotron frequency determination of the stored ions is discussed. Further-
more, the determination of the magnetic field gradient being essential for the ToF-ICR
detection technique as well as the alignment of the trap tube parallel to the magnetic field
lines using an electron-gun for this purpose was carried out.
Part I
Theory
Chapter 2
Ion storage in a Penning trap
Long-time storage of charged particles is possible in ion traps, enabling the observation
of processes on a long time scale. The coherence time, which is the time of undisturbed
motion in the trap, is comparably large, meeting the requirements of many precision
spectroscopic experiments, such as high-precision mass spectrometry. In combination
with existing ion detection techniques (see chapter 3), e.g. high-precision mass measure-
ments on very rarely produced as well as on very short-lived nuclides (t1/2 ≈ 10ms) are
possible [6]. In general ion traps enable a huge range of ion manipulation techniques. In
the following the Penning trap, which is used within this work, will be presented. The
theoretical background of the ideal Penning trap is discussed in Sec. 2.1. Electric and
magnetic field imperfections, as they occur in any real device, are treated in Sec. 2.2. Ion
manipulation, especially excitation and cooling techniques, are introduced in Sec. 2.3 and
Sec. 2.4.
2.1 The ideal Penning trap
The Penning trap, originally designed in the nineteen-thirties and named after Frans-
Michel Penning [17], enables a storage of charged particles in all three dimensions of
space. Particular developments were done by Hans Dehmelt, who was awarded the Nobel
Prize in Physics in 1989 for “the development of the ion trap technique” and its applica-
tion in the g-2 experiment of the electron [18]. Further important progress was achieved
by Brown and Gabrielse [19], who described the theory of a single electron or ion in a
Penning trap, called Geonium theory.
The three-dimensional confinement is achieved by a superposition of a constant homoge-
neous magnetic field and a weak electrostatic quadrupolar field. This is one of the two
possibilities to fulfill the Gauss theorem, which implies the impossibility to store charged
particles only with a static electric field. The other possibility is the so-called Paul trap
using an additional rf electric field instead of the magnetic field, which is not discussed
further here. The magnetic field, which points in axial direction ~B = B · ~ez, forces ions
onto circular cyclotron orbits in a plane perpendicular to ~B and, thus, confines the charged
particles in the radial direction. Hence, an ion of mass m and charge q moves with the
cyclotron frequency
ωc =
q
m
B. (2.1)
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Confinement along the z-axis is achieved by an additional electrostatic quadrupole po-
tential in cylindrical coordinates ρ, z:
V (z, ρ) =
Udc
2d2
(
z2 − 1
2
ρ2
)
. (2.2)
To realise this potential a DC voltage Udc is applied to a set of electrodes, which can
be either formed to match the hyperbolic equipotential surfaces of the three-dimensional
quadrupolar field, as shown in Fig. 2.1(a) or made of cylinders as presented in Fig. 2.1(b).
The trap parameter d is defined as
d2 =
1
2
(
z0
2 +
ρ0
2
2
)
(2.3)
and characterises the trap dimension. Here z0 denotes the minimum distance from the
center to the endcaps and ρ0 from the center to the ring electrode. The equation of motion
for the ion in cartesian coordinates is
~F = m~¨r = q
(
−~∇V + ~˙ρ× ~B
)
, (2.4)
which can be separated into three differential equations:
x¨ =
qUdc
2md2
x+
qB
m
y˙, (2.5)
y¨ =
qUdc
2md2
y − qB
m
x˙, (2.6)
z¨ = −qUdc
md2
z. (2.7)
Figure 2.1: Sketch of a Penning trap with hyperbolical (a) and cylindrical (b) electrodes.
The direction of the magnetic field defines the z-axis. For ion trapping a DC voltage Udc
is applied between the two endcaps and the ring electrode.
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The solution of these equations is a superposition of three independent harmonic os-
cillations. The axial oscillation with the characteristic eigenfrequency ωz results from
Eq. (2.7):
ωz =
√
qUdc
md2
. (2.8)
To solve Eq. (2.5) and Eq. (2.6) a complex variable u = x + iy is introduced combining
them to a new differential equation
u¨ = iωcu˙− 1
2
ωz
2u. (2.9)
From this it follows that the motion in the radial plane consists of a superposition of a
fast modified cyclotron motion with the eigenfrequency ω+ and a slow magnetron motion
with ω−:
ω± =
ωc
2
±
√
ωc2
4
− ωz
2
2
. (2.10)
The motion is illustrated in Fig. 2.2. Note that a periodic motion is only possible if
the three eigenmotion ωz, ω+ and ω− are real numbers leading to the following trapping
conditions: either q < 0 and Udc < 0 or q > 0 and Udc > 0 as well as q/m > 2Udc/(d
2B2).
In a first approximation the magnetron motion is found to be independent of the mass:
ω− ≈ Udc
2d2B
and ω+ ≈ ωc − Udc
2d2B
. (2.11)
Moreover, the following useful relations are valid:
magnetron motion 
modified cyclotron motion 
axial and magnetron 
motion 
axial motion 
Figure 2.2: Schematic drawing of the ideally independent eigenmotions of a stored ion in
a Penning trap.
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ωc = ω+ + ω−, (2.12)
ω− < ωz < ω+, (2.13)
ω2z = 2ω+ω−. (2.14)
Additionally, the so called invarianz theorem [19] holds:
ω2c = ω+
2 + ω−
2 + ωz
2. (2.15)
Table 2.1 shows the relevant frequencies for singly charged ions in the TRIGA-TRAP pu-
rification trap. The setup of the TRIGA-TRAP experiment will be explained in Sec. 4.1.
Due to the independence of the three eigenmotions in an ideal Penning trap, they can be
treated in a quantum-mechanical way as independent quantised harmonic oscillators [20].
Regarding the spin with magnetic quantum number mL and the spin precession frequency
ωL, called Lamor frequency, the total energy is:
E = ~mLωL + ~ω+
(
n+ +
1
2
)
+ ~ωz
(
nz +
1
2
)
− ~ω−
(
n− +
1
2
)
, (2.16)
as shown in Fig. 2.3. Due to the negative contribution of the magnetron motion to the
total energy, this motion is metastable. An increasing radius of the magnetron orbit leads
to a loss of kinetic energy.
Table 2.1: The reduced cyclotron frequency ν+ =ω+/2π, the axial frequency νz =ωz/2π
and the magnetron frequency ν−=ω−/2π for singly charged ions in the TRIGA-TRAP
purification Penning trap with d=26.8mm, Udc=10V and B=7T. The cyclotron fre-
quency νc=ωc/2π can be calculated to νc= ν+ + ν− (see Eq. (2.12)).
element mass number A ν+ /MHz νz / kHz ν− / kHz
hydrogen 1 107.49 184.47 1.6
rubidium 85 1.26 20.01 1.6
rubidium 87 1.24 19.78 1.6
caesium 133 0.81 16.00 1.6
californium 251 0.43 11.64 1.6
2.2 Field imperfections and their consequence
So far an ideal Penning trap configuration was discussed. However, due to electric and
magnetic field imperfections the ion motion will be affected. Therefore, the motional
frequencies turn out to be dependent on the motional amplitudes and a shift of the
eigenfrequencies is introduced. For precision Penning trap mass measurements these field
imperfections have to be investigated to counteract them and to understand systematic
errors introduced to the experimental data.
Electric field imperfections:
In general, several things influence the electric field in a Penning trap: Geometric imper-
fections such as the finite length of the electrode surfaces, the holes in the endcaps for ion
injection or ejection, the segmentation of the ring and the endcap electrodes for excitation
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Figure 2.3: Energy levels of a spin 1/2 particle in a Penning trap, called Landau levels. The
reduced cyclotron frequency ω+, the lamor frequency ωL, the axial frequency ωz and the
magnetron frequency ω− including the corresponding quantum numbers ni, i= {+, z,−}
are displayed. An interesting fact is the negative energy contribution of the magnetron
motion. The level spacing is not to scale.
and detection as well as machining tolerances and truncation during the assembly of the
parts [21]. Because of the foregoing a multipole expansion of the potential V
V =
1
2
Udc
∞∑
i=0
Ci
(ρ
d
)i
Pi (cosΘ) (2.17)
in Legendre polynomials describes the real potential in the trap. To minimise the electric
field imperfections, correction or compensation electrodes are added to the Penning trap
setup to tune the coefficients Ci for unwanted multipole contributions close to zero [22].
Ion-Ion-Interaction:
Frequency shifts also occur due to ion-ion-interaction in case more than one charged par-
ticle is present in the Penning trap. For ions of the same species no frequency shift is
observed but an increase in the line width due to a changed electrostatic potential [23]. If
ions of different species are stored an increase of the line width as well as frequency shifts
are observed, which depend on the mass difference. Is the mass difference, i.e. the differ-
ence of the corresponding cyclotron frequencies, smaller than the FWHM (Full Width at
Half Maximum), the masses cannot be resolved and the resonance curve is shifted to the
common center of mass. If the resolving power is high enough to separate the two ion
species, a shift of both resonance frequencies to lower values is observed [24, 25].
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Magnetic field imperfections:
Since in Sec. 4.1 a study of the magnetic field at the TRIGA-TRAP experiment as a
major part of this thesis will be presented, the effects of magnetic field imperfections in a
Penning trap are discussed in more detail.
Magnetic field inhomogeneities are present due to an imperfect shimming1 of the finite
length solenoid magnet, magnetisation of the trap electrodes itself, and the magnetisation
of the materials used in the ion-trap apparatus. Therefore the ion’s motion is perturbed,
which leads to a position-dependent frequency shift and an increase of the resonance width.
Mass resolution as well as precision and experimental reproducibility can be degraded [27].
Brown and Gabrielse [19] have derived the first-order energy correction due to the presence
of a magnetic bottle, which is a magnetic field whose z -axis dependence is quadratic in z.
Further theoretical treatments in this context can be found in [28].
The strength of the magnetisation depends on the magnetic susceptibility of the materials
in use (see Tab. 2.2). The volume magnetic susceptibility χV is defined as M = χV ·H,
where M is the magnetisation of the material and H the magnetic field strength. The
magnetic induction B is defined as B = µ0(H + M) = µ0(1 + χV )H, where µ0 is the
permeability of the vacuum. If χV is positive, (1+χV ) > 1, the material is paramagnetic
and the magnetic field is strengthened by the presence of the material. Vice versa, if χV
is negative, (1 + χV ) < 1, the material is diamagnetic. As a result, the magnetic field
is weakened in the presence of the material. The relation between χV and the molar
magnetic susceptibility given in Tab. 2.2 is χmol =M · χV /ρ, where M is the molar mass
and ρ the density.
Table 2.2: Magnetic susceptibilities of different materials at room temperature used inside
the magnet’s bore. OFE is an abbreviation for Oxygen-Free-Electrolytic. The value of
OFE-copper is taken from [29]. More information about the magnetic susceptibility of
copper metals at low temperature can be found in [30]. The value of sapphire is taken
from [31].
material molar magnetic susceptibility χmolar/
cm3
mol
OFE-copper -5.45·10−6
sapphire (Al2O3) -0.25·10−6
A third order expansion of the magnetic potential leads to an axial magnetic field given
in radial coordinates by
Bz = B0 − 2B1z +B2
(
z2 − 1
2
ρ2
)
, (2.18)
where B0, B1 and B2 are expansion coefficients. The linear contribution B1 averages to
zero due to the ion motion and B2 causes an energy dependent frequency shift. This can
1Shimming is a process for adjusting the homogeneity of a magnetic field provided by a magnet. The
commonly used technique is to place a spherically-shaped magnetic shim element within the magnetic
field so as to become magnetised and have a localised effect on the magnetic field. More information can
be found in [26].
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be seen by calculating the temporal mean magnetic field
< B > = lim
T→∞
(
1
T
∫ T
0
dt
[
B0 − 2B1z(t) +B2
(
z(t)2 − ρ
2
2
)])
(2.19)
= B0 +
B2
2
(
z0
2 − ρ2) = B0 +∆B. (2.20)
Here a harmonic oscillation of the particle in z-direction is assumed
z(t) = z0 · eiωzt, (2.21)
where z0 is the maximal amplitude of motion. The ion oscillating in axial direction
experiences this mean magnetic field (Eq. (2.20)). If this field is inserted into the equation
for the cyclotron frequency (Eq. (2.1)), an approximation of the cyclotron frequency shift
is determined to be
∆νBC
νC
=
1
2
B2
B0
(
z0
2 − ρ2) , (2.22)
where the relations
∆νBC =
q∆B
m
and νC =
qB0
m
(2.23)
are used. Strictly speaking one would have to insert Eq. (2.18) into the equation of motion
and to solve it by using perturbation theory, as done for example in [19]. Furthermore,
objects with some magnetic susceptibility which are close to the magnet will distort the
field. Another process leading to a change in the magnetic field is based on the fact that
the current running through the superconducting coils of the magnet decreases steadily
due to the so-called flux creep phenomenon [32]. To this end, compensation coils are
installed to counteract it. The change in the cyclotron frequency due to this effect can be
investigated by using ion species with well-known mass, e.g. Cs, Na and K [33]. Moreover,
fluctuations of the temperature and the pressure in the liquid nitrogen and liquid helium
reservoirs of the magnet cause a change in the magnetic permeability of the surrounding
materials [34]. In addition, an asymmetry in the trap geometry and a misalignment in
respect to the magnetic field axis lead to a shift in the frequencies. In case of a tilt with
angle Θ between the trap axis and the magnetic field axis, the invariance theorem given in
Eq. (2.15) still holds. However, in a Time-of-Flight-Ion Cyclotron Resonance (ToF-ICR)
detection (see Sec. 3.2) the relation (2.12) is used, which is invalid for a tilt with angle Θ:
ωc 6= ω′+ + ω′−. (2.24)
Due to this a frequency shift of
∆νC
tilt ≈ 9
4
ν− sin
2 Θ (2.25)
occurs [35].
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2.3 Ion manipulation
Applying a resonant dipolar electrical rf field in a Penning trap enables to change the
quantum number of one of the three eigenmodes (see Eq. (2.16)). This provides the pos-
sibility to excite the amplitude of motion, which is relevant for detection or for elimination
of unwanted ions in the trap. It is also possible to minimise the amplitude of motion via a
buffer-gas cooling technique (see next section). Furthermore, a coupling of two motional
modes is achieved by applying a resonant quadrupolar electrical rf field at the sum fre-
quency. Here it is possible to convert energy from one mode to the other. The application
of these excitations will be discussed in the following.
Dipolar excitation:
A dipolar excitation is used to manipulate one single ion motion. Figure 2.4(a) shows
schematically the application of a dipolar excitation by sending an rf voltage to two
opposite segments of the ring electrode. Due to the nearly mass independence of the
magnetron motion, an excitation at ω− will affect all ions stored inside the trap, whereas
a dipolar excitation at ω+ or ωz affects only ions with the corresponding mass. For a
dipolar excitation in the x-direction an electric field of the shape
~Ex =
Ud
a
· cos (ωrf t− φrf ) · xˆ (2.26)
is applied at two opposite ring segments. Here Ud is the rf voltage amplitude at radius
a, ωrf the excitation frequency, φrf a phase constant and xˆ a vector of unit length in
x-direction.
Quadrupolar excitation:
The quadrupolar excitation is another mechanism used in mass spectrometry to manip-
ulate the ion’s motion. It is done at the sum of two eigenfrequencies and couples the
corresponding eigenmotions. The rf voltage at frequency ωrf is applied with the same
phase at each pair of opposite ring segments and 180◦ phase shift between neighbouring
segments, as shown in Fig. 2.4(b). A possible quadrupolar field with field components in
xˆ- and yˆ-direction is given by
~Ex =
2Uq
a2
· cos (ωrf t− φrf ) · y · xˆ, (2.27)
~Ey =
2Uq
a2
· cos (ωrf t− φrf ) · x · yˆ, (2.28)
where Uq is the rf voltage amplitude, the other parameters are chosen analog Eq. (2.26).
The coupling of the magnetron and the modified cyclotron motion is important for the
Time-of-Flight (ToF) ion cyclotron resonance detection (see Sec. 3.2) as well as for buffer-
gas cooling (see Sec. 2.4). Figure 2.5 shows the conversion of a primary pure magnetron
motion into a pure cyclotron motion due to an excitation with an azimuthal quadrupolar
field at the sum frequency ωrf = ω+ + ω−. The radial kinetic energy Erad is related to
the modified cyclotron amplitude
Erad ∝ ω2+ρ+(t)2 − ω2−ρ−(t)2 ≈ ω2+ρ+(t)2, (2.29)
(since ω+ ≫ ω−) and changes periodically with T=2Tcon, where Tcon is the time of a full
conversion [6]
Tcon ≈ 4πa
2B
Uq
. (2.30)
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Figure 2.4: Top view of a four-fold radially segmented ring electrode for the application
of an electromagnetic dipolar (a) or quadrupolar (b) potential.
2.4 Ion cooling techniques
Cooling of an atom or ion beam means increasing the phase space density, which is realised
by a reduction of the spacial extension and the transverse momentum. Liouville’s theorem
states that the beam emittance, i.e. the product of beam width and transverse momen-
tum, is constant for a fixed energy in case of exclusively conservative forces. Thus, outer
interactions, as for example with nobel-gas atoms in buffer-gas cooling, are added. Cool-
ing in a Penning trap consequently means a reduction of the motional amplitudes of the
reduced cyclotron motion and the axial motion and in a quantum mechanical picture the
reduction of the corresponding quantum numbers to reduce the influence of electric and
magnetic field inhomogeneities, since the field imperfections increase with larger distances
from the trap center. Note, that the magnetron motion has a negative contribution to the
total energy and thus cooling goes along with an increase of the magnetron radius (see
Fig. 2.3). Commonly used cooling techniques in Penning traps are buffer-gas, resistive,
evaporative, electron, sympathetic and laser cooling, whereas the last three techniques
are only rarely used in the field of high-precision mass spectrometry in Penning traps [6].
An overview of cooling methods in ion traps can be found in [36]. Buffer-gas cooling,
being important for high-precision mass spectrometry, and resistive cooling, being often
used, are discussed in more detail, since both techniques will be applied at a later time
in the project discussed here.
Buffer-gas cooling:
Due to the rather deep potential in ion traps in comparison to neutral-particle traps,
collisions with the background gas do not cause ion losses but can be used for cooling. In
the presence of a light nobel buffer-gas, most commonly helium, the ions lose their kinetic
energy by multiple collisions with the gas molecules. The ion motion of an ion with mass
m and velocity ~v can be described via a velocity dependent damping force
~F = −δ ·m · ~v, (2.31)
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(a) (b)
Figure 2.5: Conversion of a pure magnetron motion into a pure cyclotron motion by a
quadrupolar excitation at ωrf =ωc=ω++ω−. The first half of the conversion is shown in
(a) the second half in (b). The cross marks the trap center.
where δ characterises the damping coefficient given by
δ =
q
m
· 1
Mion
· p/pN
T/TN
, (2.32)
with the reduced ion mobility in the buffer-gasMion. The pressure p and the temperature
T are given in the units of normal pressure pN=1013mbar and temperature TN=300K.
This leads to a reduction of the amplitudes of the axial (see Eq. (2.8)) and modified cy-
clotron motion (see Eq. (2.10)). The magnetron motion increases due to the negative
contribution to the total energy (see Eq. (2.16)) and leads to ion losses (see Fig. 2.6(a)).
This problem can be solved by coupling the magnetron motion to another eigenmotion,
for example by an azimuthal quadrupolar excitation at the frequency ωc=ω++ω− (see
Fig. 2.6(b) and Sec. 2.3). The benefit of this solution is a reduction of the amplitudes of
all degrees of freedom and a mass selective centering of one ion species, since only ions in
resonance are affected by the excitation.
Resistive cooling:
If the Penning trap electrodes are connected to an external circuit, resistive cooling ap-
pears. This is the case with the FT-ICR detection (see Sec. 3.1), where the ions will
dissipate their energy by inducing electric currents in the external circuit. Assuming
a single ion of mass m and charge q oscillating at frequency ωz perpendicular to two
infinitely extended parallel plates with a spacing 2ρ0, an image current of
i =
qvz
2ρ0
(2.33)
is induced in case the plates are connected via a resistor R. The dissipated power is given
by
−
〈
dWz
dt
〉
=
〈
i2R
〉
=
q2R 〈Wz〉
4mρ02
= − 1
t0
〈Wz〉 . (2.34)
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(a) (b)
Figure 2.6: Radial ion trajectory in a buffer-gas filled Penning trap. In the presence
of a damping force produced by the buffer-gas a fast damping of the cyclotron motion
and a slow increase of the magnetron radius is observed (a). Applying an azimuthal
quadrupolar electric field enables a coupling of the radial motions and thereby a decrease
of both amplitudes and mass selective centering.
〈Wz〉 = m 〈vz2〉 is the total kinetic energy of the ion: for a harmonic oscillation with
v = v0 · cos(ωt) this leads to m 〈vz2〉 = 12mv02. The brackets indicate a time average.
Hence the cooling constant t0 is found to be
t0 =
4mρ0
2
q2R
. (2.35)
It can be reduced by decreasing ρ0 or increasing R. In practise a high resistance is
obtained by connecting an inductance L parallel to the trap. This inductance and the
parasitic trap capacitance form a tuned circuit which has a high resistance in resonance.
The foregoing can easily be applied to Penning traps, e.g. on two opposite ring segments,
introducing an effective electrode distance of D = 2ρ0.
Chapter 3
Ion cyclotron resonance detection
techniques
Since frequencies can be measured most precisely, high-precision atomic and nuclear mass
measurements are carried out via a frequency determination of stored ions in Penning
traps. Commonly two ion cyclotron resonance (ICR) detection techniques are used: The
destructive time-of-flight ion cyclotron resonance (ToF-ICR) detection, where the ions
have to be ejected from the trap, and the non-destructive Fourier transform-ion cyclotron
resonance (FT-ICR) detection, where the ions remain trapped. The first one is suited for
radioactive nuclides with sufficient production rates (≈ 100 ions/s) but ultimatively short
half-lives (down to 10ms) since they anyhow decay after a certain time. Nuclides with
very low production rates but sufficiently long half-lives, as e.g. in the case of some heavy
and superheavy elements, can be investigated with the FT-ICR technique. Moreover, it
must be distinguished between the narrow-band and the broad-band FT-ICR detection.
Unlike the narrow-band FT-ICR detection used in high-accuracy mass spectrometry to
enable single ion sensitivity, the broad-band FT-ICR detection is suited for the detection
of a large number of stored ions in the order of a few hundred to a few thousand. The
different techniques are discussed in the following.
3.1 Non-destructive FT-ICR detection
The non-destructive FT-ICR detection, based on the detection of image currents induced
by ions in particle traps, is already in use for long time in chemistry, for e.g. in spectrom-
etry, ion identification, molecular studies, etc. [7]. The main advantage of this detection
technique is the possibility to repeat measurements during the time (which is in the case
of short-lived nuclides limited by the half-life) of the ions under investigation. After the
measurement the ions are still trapped and available. The small induced current can be
picked up at one ore two opposite trap electrodes.
In high-precision mass spectrometry the broad-band FT-ICR detection can be im-
plemented to monitor the trap content in preparation traps, where the unseparated ion
ensemble is stored and a large number of ions is present. Thus, contaminations can be
identified and finally cleaned away by a mass-selective excitation of the ion’s motion [37].
Figure 3.1 shows the principle of the FT-ICR detection for a cylindrical trap design as it
will be implemented at the double Penning trap mass spectrometers TRIGA-TRAP and
SHIPTRAP, which will be explained in the next chapter. In a next step the voltage signal
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Figure 3.1: Principle of the broad-band FT-ICR detection technique. At the two smaller
plates of the cylindrical Penning trap the dipolar rf field for the ion excitation is applied.
The magnetic field points in z-direction. The endcaps, where the trapping potential is
applied, are not displayed. Finally the induced current signal of the confined ion cloud
at the two larger remaining electrode plates is differentially detected and amplified. The
equivalent circuit diagram of the amplifier is explained in detail in Sec. 3.1.3. In a last step
a Fourier transformation in the frequency domain is done. Each peak in the frequency
spectrum corresponds to a certain ion species.
is amplified and a Fourier-transformation of the time-domain signal into the frequency
domain leads to the frequency information and thus to the ions’ mass.
Since small signals have to be detected, amplifiers with small input noise are needed and
thus a high signal-to-noise ratio is desirable. The use of amplifiers which work in a wide
frequency range permits access to a wide mass range. Therefore this detection is called
broad-band FT-ICR detection. A major part of this work is the characterisation of dif-
ferent amplifiers in order to determine whether they are suited for this kind of detection
or not (see Sec. 6.2). Especially several requirements concerning noise sources have to be
fullfiled.
In the following subsections the induced current signal is modelled (Sec. 3.1.1) and the
subsequent generation of the voltage signal described (Sec. 3.1.2). An introduction into
noise sources in electronic circuitries (Sec. 3.1.3) leads to the calculation of the very im-
portant signal-to-noise ratio (Sec. 3.1.4) and to the knowledge how to improve it. Finally,
after some signal processing steps (Sec. 3.1.5), a Fourier transformation of the time do-
main signal reveals the required frequency information of the stored ions.
In high-precision mass measurements the detection of a few or even a single ion is very
desirable, since in this case unwanted effects due to ion-ion-interaction are minimised
or not existing. Therefore an additionally resonant tank circuit is used to increase the
voltage signal. In Sec. 3.1.6 a brief introduction into this narrow-band FT-ICR detection
technique is given [38, 39].
20 Chapter 3: Ion cyclotron resonance detection techniques
3.1.1 Signal modelling
There are several models for the signal generation in an FT-ICR detection circuit. Some
important models are those of Comisarow [40], Nikolaev and Gorshkov [41], Dunbar [42]
and Rempel et al. [43] as well as the model of Grosshans, Shields and Marshall [39].
A first model, done by Comisarow in the nineteen-seventies, assumes a rotating electric
monopole in a tetragonal ICR ion trap. His model was based on the work of Shockley
[44], who investigated currents flowing in an external circuit connected to a system of
conductors when a point charge is moving close to them. For the signal modelling purpose
Comisarow assumes the monopole to be equal to a rotating electric dipole, or in the
case of a macroscopic number of ions to a rotating electric polarisation. This model is
appropriate for the differential detection mode. Here, no special trap geometries, but
infinitely long parallel detection plates were assumed. Limitations of this approximation
become significant when the dimensions of the trap electrodes are comparable to their
spacing. Later Nikolaev and Gorshkov published a two-dimensional model where they
described the signal induced by a linear charge distribution in a cylindrical trap. The trap
was assumed to be infinitely long in the direction of the magnetic field axis. They showed
for the first time that for large ion radii additional peaks should appear in the spectrum
due to the presence of higher order odd harmonics. Further work was done by Dunbar
and Rempel et al. [42, 43]. They observed that the signal is a much more complicated
function of the ion position within the trap. Grosshans, Shields and Marshall derived
an analytic solution from basic electrostatics for special trap geometries by applying a
Green’s function formalism [39]. They showed how to compute the detected ICR signal
from an ensemble of ions moving in an ICR trap of arbitrary geometry and for any
electrode detection scheme for which the Green’s function is known. In the following the
model of Comisarow will be presented to give an overview of the signal monitored by a
broad-band FT-ICR detection.
The basic idea of Comisarow’s model is that of an electric monopole rotating in an orbit
with cyclotron radius r in a magnetic field B in a tetragonal ICR trap with infinitely long
plates (see Fig. 3.2(a)). This monopole consists of Nion ions, each of charge q. Due to the
superposition theorem of electrostatics the rotating monopole can be decomposed into
a rotating electric dipole (Fig. 3.2(b)) and two rotating electric monopoles (Fig. 3.2(c)).
Since the two rotating monopoles will have no differential effect on the two opposite
detection plates they can be neglected. The induced dipole moment of the rotating
Figure 3.2: Schematic decomposition of a rotating electric monopole between two infinitely
long detection plates (a) into a rotating electric dipole (b) plus two rotating monopoles
(c) [40]. Here Nion positive ions, where each one has the charge q, are excited to the
radius r. The magnetic field B points out of the plane.
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electric dipole is given by
µ =
1
2
Nionq (2r) = Nionqr. (3.1)
The charge density σ is given as
σ = −P cos(θ) = − µ
V
cos(θ) = −Nionqr
V
cos(ωt), (3.2)
where only the normal component of the dipole moment per unit volume V called macro-
scopic polarisation P affects the signal, as shown in Fig. 3.3. So the polarisation is de-
pendent on the angle θ relative to the trap electrodes and thus on the time t = θ/ω. The
negative sign in Eq. (3.2) corresponds to the negative charge induced on the top plate in
Fig. 3.3. Thus, the total charge on the top plate with the surface A is given by
Q(t) = σA = −NionqrA
V
cos(ωt) = −Nionqr
d
cos(ωt), (3.3)
with V = Ad being the volume of the cell. Consequently, the current is obtained to be
IS(t) =
dQ
dt
=
Nionqrω
d
sin(ωt) =
Nionq
2Br
md
sin(ωt). (3.4)
Here the cyclotron frequency ω = qB/m (Eq. (2.1)) was inserted. The root mean square
(rms) ICR signal current is found to be
IS(rms) =
Nionq
2Br√
2md
. (3.5)
Figure 3.3: Rotating electric polarisation between two trap electrodes with distance d.
Depending on the angle θ a negative surface charge density σ− is induced on the upper
and a positive σ+ on the lower plate of the ICR-cell, respectively. Is is the signal current
derived in Comisarow’s model [40].
3.1.2 Generation of a voltage signal
To detect the current derived in Sec. 3.1.1 it has to be transformed into a voltage signal.
This can be achieved via a connection of the two trap plates to a subsequent amplifier
with high input resistance. This method is called broad-band FT-ICR detection, since a
broad frequency range is accessible corresponding to the operation range of the amplifier1.
1In high accuracy mass measurements the detection of a few ions is desirable, therefore the voltage
drop is increased by the use of an additionally LC-circuit. In Chap. 3.1.6 a brief introduction in the
narrow-band detection technique is given.
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Since this detection method is a major part of this thesis, it is treated in more detail in
the following.
In case of the broad-band FT-ICR detection an additional capacitance CFET , which is
mainly given by the input capacitance of the first Field-Effect Transistor (FET) used
inside the amplifier, must be considered. Thus, the total capacitance C consists of the
trap capacitance CTRAP and the input capacitance of the amplifier CFET :
C = CTRAP + CFET = Ct + Cw + CFET , (3.6)
where CTRAP is the sum of the capacitance of the intrinsic cell Ct and the capacitance of
the cable which connects the cell and the amplifier Cw. Moreover, the input resistance
R of the amplifier has to be considered. Due to the parallel connection of the ohmic
resistance Z˜R = R, and the reactance Z˜C = −i/(ωC) the impedance |Z(ω)| is determined
to be
|Z(ω)| =
∣∣∣∣∣
(
1
Z˜R
+
1
Z˜C
)−1∣∣∣∣∣ = 1√ 1
R2
+ ω2C2
. (3.7)
The true rms voltage at the amplifier input is
VS(rms) = IS(rms) · |Z(ω)| = Nionqrω√
2d
· 1√
1
R2
+ ω2C2
. (3.8)
In case the circuit is predominantly resistive, i.e. if R ≫ 1/(ωC) for the minimum fre-
quency of interest, the measured rms voltage will be independent of the frequency ω, as
it can be derived from Eq. (3.8):
V ′S(rms) =
Nionqr√
2dC
. (3.9)
Thus, if the amplifier provides a flat gain in the frequency range of interest, the response
of the detection circuit will be flat as well. To obtain a high voltage signal, the total
capacitance C has to be minimised (see Eq. (3.8) and Eq. (3.9)). Minimising the trap
capacitance is only possible to a certain extend, since in smaller traps less ions can be
trapped and due to a higher ion density unwanted effects occur [45]. The length of the
wire between the trap and the amplifier can only be reduced to a certain minimum, to
obtain a smaller Cw, since the trap itself is placed in a strong magnetic field, which will
influence the electronics inside the amplifier. Hence, the important factor is to choose an
amplifier with small input capacitance and large input resistance.
3.1.3 Noise in electronic circuits
Electronic noise, an unwanted signal characteristic which is present in all electronic cir-
cuits, is often a limiting factor of the performance of a device or system. The objective is
to characterise all noise sources and to eliminate them, if possible, or to minimise them
at least. Noise, a purely random signal in time, can only be described by a probability
density function. Having instantaneous positive as well as negative voltage amplitudes,
the linear temporal mean of the noise signal has to be zero, due to the fact, that in the
temporal mean no current should flow [46]. For example, the amplitudes of the thermal
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noise and the Shot noise, which both will be explained in the following, can be described
by a Gaussian probability function [47]. Taking the standard deviation of the probability
function leads to the rms value of the noise. Noise is specified as a spectral density in
rms volts and rms current per square root of Hertz: V/
√
Hz or A/
√
Hz. An introduction
to the nature of several noise sources and their characterisation can be found in [48],
whereas [49] treats the elementary noise mechanisms in amplifiers. Mainly two mech-
anisms contribute to the total noise: velocity fluctuations of the charge carriers as well
as fluctuations in their number. A brief overview about several noise sources will be given:
Thermal or Johnson noise:
Experimentally discovered by Johnson [50] and described theoretically by Nyquist [51],
thermal or Johnson noise occurs in every solid and is caused by the random thermal
movement of charge carriers (Brownian movement). The voltage and the current noise,
due to a resistance R, can be expressed as
uR =
√
4kBTR and iR =
√
4kBT
R
, (3.10)
where kB is the Boltzmann constant, T the temperature (for the derivation see e.g. [52]).
Thus, a real noisy resistance R can be modelled as a thermal voltage noise source uR
in series with a noiseless resistance, as shown in Fig. 3.4(a,b). The noiseless resistance
was also called R to emphasize that the numerical value has not changed. An equivalent
expression is achieved by adding a thermal current noise source iR parallel to the resistance
(Fig. 3.4(c)). Thermal noise shows a constant power per unit band width or, in other
words, it has a uniform spectral density and is therefore called white noise. If white noise
is plotted versus frequency, it has a constant value.
Figure 3.4: A real noisy resistance R (a) can be separated into an ideal noiseless resistance
and a thermal voltage noise source uR in series (b) or a thermal current noise source iR
in parallel (c). The real as well as the noiseless resistance was called R to emphasize that
the numerical value of the resistance is in both cases the same.
Shot noise:
A common example of noise caused by the random fluctuations in the motion of charge
carriers in a conductor is the shot noise (short for Schottky noise). This noise is sometimes
referred to as quantum noise, since it appears due to the finite size of the elementary charge
e [48]. If a current I flows over a potential barrier, each charge carrier has to cross this
potential barrier which results random and leads to a statistical distribution. The current
fluctuation for small frequencies is given by
iShot =
√
2eI. (3.11)
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The derivation by means of the current flow in a high vacuum diode can be found in [52].
Shot noise is only present in conductors or semiconductors as long as a current flows. It
is independent of temperature and has a uniform spectral density.
Flicker noise:
Another noise caused by number fluctuations of charge carriers is the Flicker noise. Here,
the spectral power density assumes a 1/f distribution. To this end it is sometimes called
pink noise. The spectrum, a double logarithmic plot of the measured noise voltage in
V/
√
Hz versus frequency in Hz, shows a decrease of -3dB/octave until the noise corner
frequency, being defined as the point where the 1/f noise and the white noise are equal,
is reached. It is associated with a dc current in electronic devices and shows equal energy
per octave [47]. 1/f noise is a current field of research with connections to the chaos
theory [53]. The contributing mechanisms are not yet identified.
Some other noise sources are the burst (popcorn) noise, which exists due to imperfec-
tions in semiconductor materials and heavy ion implants, and the avalanche noise, which
is created when a pn junction is operated in the reverse breakdown mode. More details
can be found in [47].
Noise in amplifiers:
Noise in amplifiers is charcaterised by the signal-to-noise ratio (S/N ) defined as the ratio
of the amplified signal power Sout = SinG (G is the power amplification) and the noise
power after the amplification Nout, where Nout consist of the amplified incoming noise
NinG and the additional noise of the amplifier itself Namp:
S
N
=
Sout
Nout
=
SinG
NinG+Namp
. (3.12)
Another important value is the noise factor (F), which is defined by
F =
Sin
Nin
/
Sout
Nout
= 1 +
Namp
NinG
. (3.13)
F equals one in case of an ideal noiseless amplifier, whereas it increases according to an
increase in the amplifier’s noise. Expressed in decibel the noise factor is called noise figure
(NF ), a sketch describing the NF can be found in [54]:
NF = 10 logF. (3.14)
In Fig. 3.5 the equivalent circuit diagram of an amplifier including noise sources is shown.
The amplified signal is given by
Sout =
U2G2
R
. (3.15)
Different uncorrelated noise powers, appearing in an electric circuit, add up to the total
noise [49]
Nout =
[
4kBTR + en
2 + (inR)
2]∆νG2
R
. (3.16)
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Figure 3.5: Equivalent circuit diagram of an amplifier including the voltage noise sources
en and the current noise source in. The source resistance R leads to an additional noise
source uR, due to the thermal noise. At the entrance the signal current IS is applied.
Here the thermal noise, the voltage noise en, and the current noise in of the amplifier
contribute to the total noise. ∆ν is the spectral band width. This leads to a S/N ratio
at the amplifiers output of(
Sout
Nout
)
=
U2[
4kBTR + en2 + (inR)
2]∆ν . (3.17)
Note that the signal-to-noise ratio is independent of the amplifiers gain [49]. If a series
of amplifiers is used, the noise of the first gain stage will dominate in case of a sufficient
amplification the noise of the whole setup. This is expressed by Frii’s formula:
F1...n = F1 +
F2 − 1
G1
+
F3 − 1
G1G2
+ ...+
Fn − 1
G1...Gn−1
. (3.18)
Thus, the noise of the first amplification stage has to be minimised.
External noise sources:
It is a fact that each electronic circuit can work as an antenna and can pick up some noise
in that way. Thus, not only noise resulting from an amplifier itself but also noise con-
ducted into it through connected circuitries (conducted susceptibility) or received through
the air (radiated susceptibility) will contribute to the total noise level [55]. These noise
sources can be referred to as interference noise. In order to keep these noise levels as
low as possible, some precautions have to be taken during the operation of the electric
circuit, especially for the use of an amplifier. Therefore, electrostatic and electromagnetic
pickup from power sources at network-line frequencies and their harmonics have to be
minimised as well as the influence of radio broadcast and TV. Nearby PCs and current or
voltage spikes resulting from switching in reactive circuits [56] are also a problem. Filter-
ing, electrostatic and electromagnetic shielding of leads and components, elimination of
ground loops, physical reorientation of leads and components, choice of low impedances,
as well as the choice of power and reference supplies having low noise are some important
precautions [56]. Noise resulting from vibrations may be reduced by a proper mechanical
assembly. These noise sources play a crucial role in the application of the broad-band
FT-ICR detection as will be discussed in more detail in Sec. 6.4, where several amplifiers
were tested for this purpose at the experiments TRIGA-TRAP and SHIPTRAP.
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3.1.4 Determination of the signal-to-noise ratio
Following Comisarow’s model (see Sec. 3.1.1), the noise sources, i.e. the Johnson current
noise iR due to the resistance R, the input current noise in, and the input voltage noise of
the amplifier en, are presented in the equivalent circuit diagram for a broad-band FT-ICR
setup shown in Fig. 3.6. The noise voltages add quadratically leading to a total noise
voltage Vn(rms) (here in units of volt) of the circuit of
Vn(rms) =
√[
(i2R + i
2
n) |Z(ω)|2 + e2n
]
∆ν. (3.19)
The signal-to-noise (S/N ) ratio can be determined following Eq. (3.8) and Eq. (3.19) to
be
S
N
=
VS(rms)
Vn(rms)
=
√
2π ·Nionq · r
d
· ν√[
i2R + i
2
n + e
2
n
1
|Z(ω)|2
]
∆ν
. (3.20)
For a predominantly resistive detection a S/N ratio of
S
N
=
√
2π ·Nionq · r
d
· ν√[
4kBT
R
+ i2n + e
2
nω
2C2
]
∆ν
(3.21)
is obtained by the use of Eq. (3.7), (3.9) and (3.10). It follows that by using commercial
amplifiers for the broad-band FT-ICR detection, some important requirements have to be
fulfilled. Thus, the input current noise and the input voltage noise of the amplifier have to
be minimised. In addition, the requirement regarding the resistance R is that R≫ 1/(ωC)
to secure a flat frequency independent response of the amplifier (see Sec. 3.1.2). The
requirements regarding the amplifiers are additionally discussed in Sec. 6.1. Furthermore,
a coherent motion of the ions is necessary. In case this is not provided, the S/N ratio will
only scale with the square root of the number of ions
√
Nion.
Figure 3.6: The equivalent circuit diagram of an ICR-trap connected to an amplifier.
Here CTRAP is the trap capacitance being the sum of the intrinsic trap capacitance Ct
and the capacitance due to the connected wire between trap and amplifier Cw. The input
capacitance of the amplifier, mainly given by the input capacitance of the used Field-
Effect Transistor (FET) CFET , and the input resistance of the amplifier R are shown as
well. The noise sources are the Johnson current noise iR due to the resistance R, the
input current noise in as well as the input voltage noise of the amplifier en.
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3.1.5 Signal processing
Since the detected voltage signal is dependent on the radius of the ion’s motion, a dipolar
excitation must be done before the FT-ICR detection is accomplished. Further a coherent
motion of the ions is desirable to increase the S/N ratio. In the following an overview on
the signal processing after the amplification of the FT-ICR signal is summarised.
1. Heterodyning and Digitisation:
The signal, which normally lies in the MHz-range (see Tab. 2.1), has to be shifted to
lower frequencies since common FFT (Fast Fourier Transform)-analysers only work
in the frequency range from 0 kHz to 100 kHz. This feature is due to the Nyquist
theorem: Since the analogue signal must be converted into a digital signal, it has
to be sampled by a series of delta functions with the sampling frequency νa into
uniformly spaced discrete data points. Assume a band-limited signal being a signal
containing no energy at frequencies higher than a cut-off frequency νg. The Nyquist
theorem states that samples in this case are a complete representation of the signal
if the bandwidth is less than half the sampling rate (νa > 2νg). For details see for
example [46, 57].
To shift the incoming signal to lower frequencies a process called heterodyning or
downmixing is done. An incoming radio frequency is converted into an outcoming
intermediate frequency. Therefore, the incoming signal is mixed with a local oscilla-
tor reference (LO), which is normally a sinus- or cosinus signal at a fixed frequency
delivered from a frequency generator. A signal decreased by the LO frequency and
a signal increased by the LO frequency is obtained. The latter one is cut away by
a low pass filter. This can be illustrated by taking the frequency convolution (see
Eq. (3.24)) of the Fourier transformation of the incoming signal and the Fourier
transformation of a sinus- or cosinus signal as sketched in Fig. 3.7.
Figure 3.7: The process of heterodyning or downmixing. The convolution of a bandwidth
limited signal (a) and a local oscillator reference signal (b) is carried out to shift the
initial signal to lower frequencies (c). At the end the higher frequencies are cut away by
a low-pass filter.
2. Fourier transformation:
A discrete Fourier series is in general a decomposition of a periodic signal in its
components of harmonic oscillations. Thus, it is possible to determine numerically
the spectrum of an arbitrary signal. An efficient implementation of this algorithmus
is the Fast Fourier Transform (FFT). Important work in this subject was done by
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Cooley and Tukey, for more details see [46, 57]. The continuation of the discrete
Fourier series for a non-periodic signal leads to the Fourier transformation, a deriva-
tion can be found in [52]. For signals continous in time and with finit signal energy
the Fourier transform provides the opportunity to change as often as required be-
tween time and frequency domain. Thus, each Fourier-transformation pair can be
expressed as:
F [f(t)] = F (iω) =
+∞∫
−∞
f(t)e−iωtdt (3.22)
and
f(t) = F−1 {F (iω)} = 1
2π
+∞∫
−∞
F (iω)eiωtdω. (3.23)
Here F [f(t)] is the Fourier transform of the non periodic function f(t). It is possible
to reconstruct f(t) from F [f(t)] because f(t) = F−1 {F (iω)}. A very important
characteristic is the frequency convolution
F [f1(t)f2(t)] = 1
2π
+∞∫
−∞
F1(iλ)F2[i(ω − λ)]dλ. (3.24)
3. Mass determination:
At the TRIGA-TRAP and the SHIPTRAP experiment the mass using an FT-ICR
detection scheme will be determined via a frequency measurement of the modified
cyclotron frequency ν+. Thus, the charge-to-mass ratio q/m can be determined as
[58]:
q
m
=
ν+
2
ν+a+ b
, (3.25)
where
a =
B
m
and b =
Udc
8π2d2
. (3.26)
Both coefficients a and b can be determined, and thus the magnetic field B and
the storage voltage Udc calibrated, by two reference measurements with ions of well-
known masses. The best choice for reference masses is the use of 12C ions or 12Cn
clusters (n≥ 1) since the unified atomic mass unit u is defined as 1/12 of the mass
of 12C and thus has no uncertainty [59].
3.1.6 Narrow-band FT-ICR detection
This technique is based on the same principles as discussed for the broad-band FT-ICR
detection. However, the narrow-band FT-ICR detection (see Fig. 3.8) aims for frequency
measurements of few or even single ions. For a single ion the induced image current is in
the order of 100 fA or less depending on the motional radius and the charge state. This
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Figure 3.8: Principle of the narrow-band FT-ICR detection. A single ion moving on a
excited cyclotron orbit in a Penning trap induces a current I in the segments of the ring
electrode. The signal is detected with an LC-tank circuit and amplified. Subsequent the
Fourier transformation reveals the frequency information.
means, that the current must drop over a very large resistance to generate a voltage signal
that can be amplified and detected. Therefore, the current signal of this highly sensitive
detection is increased by use of an additional tank circuit, as mentioned in Sec. 3.1.2.
In case a very large real resistance is used, the current would flow over the parasitic
capacitance of the trap and the wires, which is proportional to 1/(ωC). Thus, a short
circuit is produced and no voltage signal will drop at the amplifier. A tuned circuit is
implemented by adding an additional inductance L in parallel. The real inductance L,
the parasitic capacitance C, and the parasitic resistance R of the trap and the wires will
form the tank circuit with frequency dependent impedance Z(νion). Parallel tank circuits
have a high resistance in resonance, derived in [60] to be
R =
Q
ωLCCR
= QωLCL, (3.27)
where ωLC is the resonance frequency:
ωLC =
1√
LC
. (3.28)
The quality factor Q (Q-value) of an LC-circuit is defined as
Q ≡ ωLC
∆ω
, (3.29)
where ∆ω denotes the width of the resonance at the position where the voltage amplitude
drops to 1/
√
2 of its maximum. The current IS(rms) expected for a single ion can be
derived after the model of Comisarow [38] (see Sec. 3.1.1). For the derivation of the
voltage signal Eq. (3.27) is used and leads to:
VS(rms) = R · IS(rms) = R ·
√
2π
r
D
qνion =
1√
2
r
D
q
Q
C
, (3.30)
where q is the charge and D the effective2 electrode distance. The amplitude of the ion’s
motion is given by r. Finally a Fourier transformation of the time domain signal delivers
2In case of a real Penning trap the electrodes are either cylindrical or hyperbolical. Therefore, the
parameter D coming from a simple model with two parallel plates has to be modified.
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the required frequency information. Considering the voltage noise due to the thermal
Johnson noise (see Sec. 3.1.3) and using Eq. 3.27 the signal-to-noise ratio is determined
to be
S
N
=
π
2
r
D
q
√
ν
∆ν
√
Q
kBTC
. (3.31)
A high Q-value and a large radius of the ion’s motion as well as low temperatures and
a small detection bandwidth lead to a higher signal-to-noise ratio. Consider, that with
larger radius of the ion’s motion the influence of magnetic and electric field imperfections
gets more significant. Therefore, they have to be examined very accurately, which has been
done within this work for the magnetic field of the TRIGA-TRAP magnet (see Chap. 5).
In [60] a detailed description of the setup of a narrow-band FT-ICR detection system for
TRIGA-TRAP is presented and discussed.
3.2 Destructive ToF-ICR detection
The time-of-flight ion cyclotron resonance (ToF-ICR) detection technique is based on the
excitation of the ion motion by an azimuthal external rf quadrupolar field which gets
varied across the cyclotron frequency ωc = ω+ + ω− (see Sec. 2.3) and a subsequent axial
ejection through a magnetic field gradient towards a detector, as shown in Fig. 3.9 [61].
The orbital magnetic moment of the ions in axial direction
~µ =
Er
B
zˆ (3.32)
interacts with the magnetic field gradient ~∇ ~B, leading to a conversion of radial energy
Er into axial energy, and, thus, to a accelleration of the ions after they are ejected out of
the trap. The gradient force can be expressed as
~F = −~µ
(
~∇ ~B
)
= −Er
B
∂B
∂z
zˆ. (3.33)
The ions are first prepared on a well-defined magnetron radius, which implies small ion
energy. A quadrupolar rf excitation leads to an increase of the radial energy Er in case
ωrf =ωc. The excitation enables a complete conversion of the magnetron motion into the
modified cyclotron motion. In particular, the radius of the modified cyclotron motion
takes on the size of the magnetron radius but with higher frequency (ω+ ≫ ω− see
Eq. (2.29)), which leads to an increase of the radial energy. The radial energy gain as a
function of the detuning ∆ω=2π∆ν =ωrf −ωc for a rectangular excitation profile in the
time-domain applied for a time Trf is outlined in Figure 3.10(a). It can be described by
a function of the form | sin2(x)/x2| called sinc-function.
If the excitation frequency ωrf is varried in different measuring cycles across ωc, the
time of flight has a minimum in case of a resonant excitation (ωrf = ωc), due to the largest
magnetic moment and the strongest axial force. By these means, a measurement of the
time of flight between ion ejection and detection in dependence of the applied excitation
frequency leads to the determination of ωc (see Fig. 3.10(b)). An expression of the time of
flight from the trap center (z=0) to the detector (z=zD) for an ion of mass m and charge
q with radial energy Er is given by
T (ωrf ) =
zD∫
0
√
m
2(E0 − qU(z)− µ(ωrf )B(z)dz, (3.34)
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Figure 3.9: Principle of the time-of-flight cyclotron resonance detection technique. After
a rf quadrupolar excitation at ωrf the ions are ejected out of the trap through a magnetic
field gradient towards a detector.
where E0 is the initial energy of the ion and Uz and Bz the electric and magnetic fields
along the z-axis between trap center and detector [62]. The FWHM of the central min-
imum is invers proportional to the duration of the excitation (∆ν ≈ 1/Trf ). Moreover,
the resonance depth is dependent on the initial magnetron radius and the completeness
of the conversion from a pure magnetron to a pure cyclotron motion.
The frequency or mass resolving power ℜ can be expressed according [62] as
ℜ = m
∆m
=
νc
∆νc
≈ νc · Trf . (3.35)
ℜ is limited by the excitation time Trf and hence by the half-life of the radionuclides and
the pressure conditions. Concerning the statistical uncertainties, the relative precision
with which the cyclotron frequency can be determined is proportional to the resolution
and to the number of ions Nion detected in the frequency scan [9](
δm
m
)
stat
∝ 1ℜ√Nion
. (3.36)
Thus, several hundreds of ions have to be detected by this technique to improve the
statistical uncertainty.
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Figure 3.10: (a) radial energy gain of the ion motion in case of a quadrupole excitation
near ωc and (b) time of flight as a function of the detuning ∆ω=2π∆ν =ωrf − ωc [6]. In
case of a resonant excitation (ωrf = ωc) the radial energy has a maximum and the time
of flight a minimum.
Part II
Experimental setups and results
Chapter 4
The Penning trap facilities
TRIGA-TRAP and SHIPTRAP
A description of the two high-precision double-Penning trap experiments TRIGA-TRAP
(Sec. 4.1), located at the research reactor TRIGA (Training Research and Isotope produc-
tion reactor General Atomic [63]) at the Institute of Nuclear Chemistry at the Johannes
Gutenberg-University Mainz, and SHIPTRAP (Sec. 4.2), located at GSI (Gesellschaft fu¨r
Schwerionenforschung) Darmstadt, is given in this chapter.
4.1 The TRIGA-TRAP experiment
TRIGA-TRAP, as shown in Fig. 4.1 and Fig. 4.2, provides the possibility of direct on-
line mass measurements of neutron-rich fission products delivered from the TRIGA Mainz
reactor, providing e.g. input data for astrophysical calculations of the rapid neutron cap-
ture process (r-process), for details see [3]. In addition it aims for direct off-line mass
measurements on heavy ions from uranium to californium for tests of mass models in the
heavy mass region. A detailed description of the experiment can be found in [11]. In the
following an overview on the experimental setup will be given.
Ion sources:
Two off-line ion-sources are available, a surface ion source [64] which was designed by
R. Kirchner and a non-resonant laser ablation ion source [65].
In the surface ion source atoms get ionised by getting in contact with a hot tungsten
tube heated by electron bombardment. This ionisation process is well suited for elements
with low ionisation potential like alkalis. The surface ion source at the TRIGA-TRAP
experiment is used to produce rubidium or caesium ions for test and mass calibration
purposes.
The laser-ion source is used to produce carbon cluster ions (12C+n , n≥ 1) for mass
calibration across the entire nuclear chart, since the atomic mass unit is defined as 1/12
of the mass of 12C. Thus, absolute mass measurements are carried out by this method
without any uncertainty in the reference mass, except the atomic binding energies of the
clusters [65]. An overview about this technique can be found in [8, 59]. Carbon cluster
ion sources for mass calibration purposes are in use since many years at ISOLTRAP [33]
and SHIPTRAP [66]. Additionally, samples of transuranium elements can be installed in
the laser-ion source to produce ions in the heavy mass region.
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Figure 4.1: Setup of the TRIGA-TRAP experiment at beam port B of the research reactor
TRIGA-Mainz. A description of the individual parts is given in the text and in [11].
One aim of TRIGA-TRAP is to perform on-line mass measurements on neutron-rich
fission products which requires an on-line ion source as well. Thermal neutrons induce
fission in a thin heavy element target, such as 249Cf, placed near the reactor core, allowing
the fission products to recoil out and thermalise in a gas filled chamber. They get attached
to aerosol particles in the gas and are transported through a capillary to the on-line ion
source. There, the fission products get ionised either in a plasma or an ECR ion-source,
which is not yet decided. Finally, the ions pass a 90◦ mass separator magnet which bends
them into the main beamline. A switchyard distributes the ions either to TRIGA-TRAP
or to a laser spectroscopy experiment in the neighbourhood called TRIGA-LASER.
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Figure 4.2: Photograph of the TRIGA-TRAP experiment. The magnet with the double-
Penning trap system inside as well as the reactor facing components, e.g. the off-line ion
source, are visible. The switchyard and the mass separator are currently not existing.
Double-Penning trap system:
The Penning trap system consists of two Penning traps, a cylindrical purification trap
(see Fig. 4.3) for the mass-selective buffer-gas cooling and isobaric separation and a hy-
perbolical precision trap, where the actual mass determination via a cyclotron frequency
measurement is carried out. Both traps are placed at a distance of 20 cm apart from each
other inside a vacuum tube at 77K in a magnetic field of 7T. The electrodes are made
of high-purity oxygen-free electrolytic (OFE) copper which has a small magnetic suscep-
tibility (see Tab. 2.2) and, therefore, little influence on the magnetic field. In addition
copper has a good thermal conductivity. The trap electrodes are gold plated to provide
high electric conductivity and to avoid oxidation. More details about the design of the
traps can be found in [21].
The seven-pole purification trap consists of a four-fold segmented ring electrode, two
endcaps and a pair of inner and outer correction electrodes. For the detection of induced
currents and the excitation of the ion’s motion, the ring electrode is divided into two op-
posing 140◦ and two opposing 40◦ segments (see Fig. 4.4). Aluminium oxide (Al2O3) rings
separate the electrodes in axial direction, in radial direction they are separated by small
sapphire balls. The overall trap length is l=212.5mm, the inner diameter ρ0 =32mm
and the characteristic trap parameter d=26.8mm (Eq. (2.3)). The ions, entering the
electrode stack in Fig. 4.3 from the left side, first pass three entrance drift electrodes be-
fore they reach the purification trap. To ensure good vacuum conditions in the following
precision trap, i.e. a pressure of at least 10−8 mbar, a pumping barrier generates a pressure
difference between the purification trap under gas-load and the precision trap of about a
factor of 1000 [10, 67].
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Figure 4.3: A schematic drawing of the purification trap of TRIGA-TRAP (a) and a
photograph of the trap (b). A broad-band FT-ICR detection is performed within this
trap. A description of the individual parts is given in the text.
The precision trap is also a seven-pole trap and is constructed similar to the purification
trap since here the FT-ICR detection is employed as well. The insulation of the electrodes
is completely done with sapphire. Since the narrow-band FT-ICR detection requires an
excitation of the ions motion to large amplitudes in order to increase the induced current
signal, a hyperbolical shape is chosen to provide the harmonic quadrupolar field also for
ions with larger motional radii. In addition the shape is optimised to reduce the influence
due to the magnetisation of the trap material. It has a length of 12.76mm and a ratio of
radius to endcap distance of 1.66mm.
1
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Figure 4.4: Asymmetrical segmentation of the TRIGA-TRAP purification as well as pre-
cision trap electrodes into two 140◦ and two 40◦ segments. The larger ones are used for
image charge detection, the smaller ones for ion excitation, respectively.
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The Magnet:
At TRIGA-TRAP the double-Penning trap system is located within a 160mm-diameter
bore of a 7T actively shielded superconducting magnet from Magnex Scientific [68]. In
order to perform high-precision mass measurements, the magnet should provide a spacial
homogeneity of better than 1 ppm at least in the precision trap region. The homogeneity
in a volume of 1 cm3 was adjusted by the technicians of Magnex Scientific to 0.7 ppm
during the commissioning process at the position of the purification trap and to 0.14 ppm
at the position of the precision trap. Also a high temporal stability of the magnetic field is
desirable, better than 0.05 ppm/h which was obtained for an observation of the field for 72
hours as specified in [68]. To confirm these data, the magnetic field of the TRIGA-TRAP
magnet has been examined within this work. The results are presented in chapter 5.
Figure 4.5 shows a photograph of the magnet placed at the beam port B of TRIGA. The
dimensions are: length 101.2 cm, outer radius 67.5 cm, and beamline height 118 cm. The
current running through the superconducting coils is 259.4A. Since this current decreases
steadily due to the so-called flux creep phenomenon [32], compensation coils are installed
to counteract it and to guarantee a higher temporal stability during a mass measurement
cycle. They have to be discharged once per month (so-called B0 dump), in order to avoid
an infinite increase of the compensation coils current.
Figure 4.5: The superconducting 7T TRIGA-TRAP magnet with a length of 101.2 cm
and an outer radius of 67.5 cm. The magnet at the SHIPTRAP experiment (see Sec. 4.2)
is identical in construction. In (a) a lateral view, in (b) a top view and in (c) a side view
is given. On top of the magnet the liquid helium and liquid nitrogen refilling tubes are
installed. In (c) the bore of the magnet is visible.
Ion detection and mass measurement procedure:
Two detection systems are foreseen at the TRIGA-TRAP experiment: The destructive
ToF-ICR detection (Sec. 3.2) and the non-destructive FT-ICR method (Sec. 3.1). For
both techniques isobaric selection is done via a buffer-gas cleaning process in the purifica-
tion trap [37]. To this end, first a dipolar excitation at the mass-independent magnetron
frequency ν− (Eq. 2.10) is applied to increase the motional radius of all stored species to
about 1-2mm. Second, during the motion in the buffer-gas, a mass-selective quadrupolar
excitation is applied, to obtain a conversion of the magnetron into the cyclotron motion
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for species of interest (Sec. 2.4). Since the cyclotron motion gets quickly damped away
by collisions with the buffer-gas, the ions of interest get centered again. Only centered
species, thus species in resonance with the applied quadrupolar excitation frequency, can
pass the 1.5mm wide channel which connects the purification trap with the precision trap.
In case of ToF detection, another dipolar excitation and a subsequent quadrupolar
excitation is applied in the precision trap. Then the ions are ejected out of the precision
trap to a MCP or channeltron detector (CEM) [69]. Since the ions pass the magnetic
field gradient, their axial energy is converted into radial energy. Thus, a time of flight
spectrum as shown in (Fig. 3.10) is obtained delivering the true cyclotron frequency of
the stored ions.
At TRIGA-TRAP the CEM is mounted off-axis to avoid neutral particles background.
A similar setup is installed at ISOLTRAP [69]. In addition, a MCP can be moved into
the beam [70]. A comparison of the relative detector efficiencies of a MCP compared to a
CEM is given in [10]. A delay-line detector is available as well, which enables a position
sensitive detection of the observed particles after they are ejected out of the trap system
[71].
Since some of the neutron-rich fission products that should be investigated at TRIGA-
TRAP have low production rates but rather long half-lives in the order of seconds [11],
the FT-ICR detection (see Sec. 3.1) is ideally suited for mass measurements of these can-
didates. At TRIGA-TRAP two types of a non-destructive image current detection will be
implemented: a broad-band detection at the purification trap and a narrow-band detec-
tion at the precision trap. The development of a broad-band FT-ICR detection system is
a major part of this thesis. The aim is to monitor the purification trap content in a non-
destructive way to enable mass-selective cleaning of the incoming ion bunch. Chapter 6
refers to the electronics, the characterisation of possible amplifiers, and their test at the
TRIGA-TRAP experiment. The development of the narrow-band detection (Sec. 3.1.6)
is given in [60]. Since single ion sensitivity is demanded, the detection electronics for the
narrow-band resonance circuit is placed at 4.2K (liquid helium temperature) and a super-
conducting coil with a quality factor >1000 (with the trap attached) is used to increase
the signal-to-noise ratio (Eq. (3.31)).
4.2 The SHIPTRAP experiment
The ion trap facility SHIPTRAP, located at the SHIP (Separator for Heavy Ion reaction
Products) velocity filter at GSI, aims for high-accuracy mass measurements on nuclides
heavier than uranium. More information about this ion-trap facility for mass spectrom-
etry, nuclear spectroscopy, laser spectroscopy, and chemistry of transuranium elements,
can be found in [12, 13, 72]. In the following an overview of the SHIPTRAP experiment
is given, concentrating on the parts which are relevant for the broad-band FT-ICR de-
tection tests performed within this thesis, e.g. the double-Penning trap system. Further
information is provided by the given references.
The SHIP velocity filter and ion preparation for SHIPTRAP:
Elements heavier than fermium (Z=100) are produced via collisions of heavy ions from
the heavy-ion linear accelerator UNILAC at GSI with heavy ions in a thin target, as
described in [73]. The superheavy reaction products recoil out of the target and are
separated from the beam by the velocity filter SHIP [74]. Since many years a extremely
4.2 The SHIPTRAP experiment 41
successful production, separation, and detection of ions heavier than uranium is being
carried out here. The most prominent examples are the discovery of the elements hassium
(Z=108), darmstadtium (Z=110), roentgenium (Z=111) and element Z=112 (name not
yet determined).
The ions produced at SHIP are stopped in a buffer-gas filled cell [75], extracted through
a differential pumping stage and guided by an RFQ (Radio Frequency Quadrupole) struc-
ture. Another RFQ serves as a cooling and bunching device to prepare low emittance
ion bunches. These bunches are transferred to the following room temperature double-
Penning trap setup in the bore of a superconducting 7-T magnet. A schematic overview of
the SHIPTRAP setup is given in Fig. 4.6. Additionally, there are some off-line ion-sources
available for test and mass calibration purposes, e.g. a surface ion source to produce cae-
sium ions [64]. These ion sources were used for the broad-band FT-ICR detection tests
within this work.
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Figure 4.6: Schematic overview of the SHIPTRAP setup. Ions from SHIP are stopped in
the gas stopping cell and are extracted by the RFQ structure into another RFQ cooler
and buncher. The low emittance ion bunch is then transferred to the double-Penning trap
system. Here the mass determination via a ToF-ICR detection is performed [12, 13, 72].
The double-Penning trap system:
The double-Penning trap system consists, similar to the trap system at TRIGA-TRAP, of
a purification trap for ion preparation and a precision trap for mass measurements using
the ToF-ICR detection technique, as shown in Fig. 4.7. The traps are placed 20 cm appart
from each other in the homogeneous regions of the same superconducting 7-T magnet as
used at TRIGA-TRAP and are connected by a small channel serving as a pumping barrier.
The spacial homogeneity ∆B/B of the magnet was specified by the company in a volume
of 1 cm3 to 1 ppm at the position of the purification trap and to 0.1 ppm at the position
of the precision trap. The magnetic field amplitude of SHIPTRAP’s superconducting
magnet is shown in Fig. 4.7.
Only the purification trap will be addressed at this point, since here the broad-band
FT-ICR detection should be implemented. It has to be mentioned that the trap at SHIP-
TRAP, designed within the thesis work of G. Sikler [76], differs from the purification trap
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Figure 4.7: The SHIPTRAP Penning trap system (bottom) in a 7-T superconducting
magnet. In addition the magnetic field gradient is shown (top). The figure is taken from
[10].
at TRIGA-TRAP only in the segmentation of the ring and endcap electrodes. At SHIP-
TRAP the ring electrode is instead azimuthally four-fold eight-fold segmented. Thus, it is
possible to apply an octupolar excitation [77]. In contrary to TRIGA-TRAP the precision
trap is a five-pole cylindrical trap with a length of 185.2mm. For more information refer
to the detailed description of the double-Penning trap system at SHIPTRAP in [76].
Detection techniques at SHIPTRAP:
The mass measurement is carried out via a time-of-flight detection method as described
for the TRIGA-TRAP experiment (Sec. 4.1).
The broad-band FT-ICR detection system for TRIGA-TRAP has been tested in the
purification trap of SHIPTRAP during the commissioning period in Mainz. For SHIP-
TRAP it is foreseen to exchange at a later time the trap setup with a similar cryogenic
assembly as in use in Mainz to fully exploit the superheavy element production of SHIP
concerning mass measurements on rarely produced heavy and superheavy nuclides [21, 60].
Chapter 5
Magnetic field examination at
TRIGA-TRAP
The detailed examination of the magnetic field at the TRIGA-TRAP experiment is mo-
tivated by several points: First, the very homogeneous centers of the superconducting
magnet have to be located to place the traps at the correct positions. In this regions the
field decay due to the flux-creep effect [32] and the spacial homogeneity of the magnet are
of utmost importance, since they limit the precision and accuracy of mass measurements.
For the magnetic field investigation a high-sensitive NMR-probe was used (see Sec. 5.1).
Since this device can only operate in homogeneous magnetic fields (δB/B < 50 ppm/cm3),
Hall-probes were used to measure additionally the gradient along the z-axis, which is im-
portant for the ToF-ICR detection (see Sec. 5.2) and to investigate the fringe field in the
closer environment of the magnet. The alignment of the trap tube versus the magnetic
field is discussed in Sec. 5.3.
5.1 Examination of the homogeneous magnetic field
region
For the magnetic field measurements in the very homogeneous regions of the supercon-
ducting magnet, an NMR teslameter PT2025 from Metrolab was used [78, 79]. The probe
No. 8 [80] was needed to measure the 7-T field amplitude. A brief description of the op-
erating mode for the NMR teslameter is given here, according to the user’s manual [78].
In a static magnetic field B a nucleus can populate (2 I+1) different energy levels, where
I denotes the spin quantum number. The energy spacing of these states is ∆E=µB/I
with µ being the magnetic moment rotating around an external static magnetic field vec-
tor. Application of an alternating magnetic field perpendicular to the static magnetic
field induces transitions between the energy levels in case the frequency equals the res-
onance frequency ν =∆E/h= γ B, where γ=µ/(h I). For deuterons, typically used in
NMR-probes, γ is known very well to be 6.53569(2)MHz/T. A small deuterium filled coil
is placed with its axis perpendicular to the static field B. Since the magnetic moments
of the deuterons point preferentially in the direction of B, the lower energy states are
stronger occupied than the higher ones. Therefore, transitions induced by the alternating
field are more frequently from the lower to higher states and thus, energy is absorbed from
the alternating field rather than emitted. Since the thermal equilibrium populations are
re-established due to spin-lattice interactions, the deuterons continuously absorb energy
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from the external field if the coil is driven at the resonance frequency. So the quality factor
Q of the coil is slightly reduced. A parallel LC resonant circuit is tuned to the deuterons’
resonance frequency, using the previously discussed coil as the inductor. A stable sine
wave at the resonance frequency is applied via a resistor. This frequency is modulated by
superimposing a modulating magnetic field parallel to the static field B. Thus a reduction
of the quality factor due the deuteron resonance can be detected as a small amplitude
variation of the radio-frequency voltage across the tank circuit. A detailed description of
the electronics for the data processing can be found in [78] and will not referred here in
detail.
A NMR-probe can provide measurements of magnetic fields with an absolute accuracy of
about 0.1 ppm. In case this accuracy is mandatory the magnetic field B must be stable
and homogeneous, being less than 50 ppm/cm3 for our probe. Thus, it is important that
the probe adjustment is done very accurately to provide a high spacial resolution. To en-
sure the probe positioning exactly on the axis of the magnetic field, the first step in each
measurement was to align it with the help of a laser beam delivered from a laser-pointer
from the opposite end of the magnet bore. In order to align the laser beam two plastic
target discs, having the diameter of the inner bore (15.5 cm) and a center mark, were fixed
at each end of the bore. As shown in Fig. 5.1, one disc was removed after the alignment
procedure and replaced by an aligned aluminium tube hosting the NMR-probe. Thereby,
it is possible to move the probe on-axis along the magnetic field lines. While changing
the position, the alignment could be always checked by the laser spot pointing at the bore
axis. Four screws at the probe holder allow for a correction in the horizontal direction
and a movable part enables shifts of the tube in the vertical. For further measurements it
was possible to shift the probe a given distance from the center and to rotate the holder
to move the probe on a circle around the bore axis. A photograph of the alignment of the
probe and the holder is given in Fig. 5.2.
One has to mention that the field in the purification trap region was measured by
inserting the probe from the front side and in the precision trap region by inserting the
probe from the back side of the magnet. Front side indicates the reactor facing side and
back side the side remote from the reactor. In case the probe is inserted from the front side
the magnetic field lines have to pass through the complete probe volume, which causes a
Laser
NMR-probe
Holder
101.2cm
Plastic target disc
Figure 5.1: Schematic drawing of the alignment tool. Prior to each NMR-measurement
the laser was aligned with the help of two plastic target discs, which are taped at both ends
of the tube and indicating the center. The NMR-probe was centered and adjusted when
the laser spot hits the probe inside the bore. The cross marks the sensitive part of the
probe. A geometrical uncertainty in the three-dimensional positioning of the NMR-probe
of ∆x=∆y=0.5mm and ∆z=0.6mm is achieved (see text).
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Figure 5.2: Adjustment of the NMR probe inside the magnet’s bore: (a) Fixation of
the laser pointer to mark the bore axis of the superconducting magnet. Inside the bore
the laser hits the probe indicating that the alignment is done with an uncertainty of
∆x=∆y=0.5mm and ∆z=0.6mm. (b) Aluminium rod and movable disc to guide the
NMR-probe inside the magnet bore.
slight screening. In the presented graphs the geometric center of the magnet lies at the
zero of the magnetic field axis z. The precision trap will be placed later at z = -10 cm and
the purification trap at z =10 cm.
The uncertainty of the position along the z -axis results from several contributions in
determining the relevant lengths of the assembly: Uncertainties using a non magnetic
plastic calliper rule are estimated to be 0.25mm, the ones using a standard metal cal-
liper rule to be 0.05mm, and using a paper rule taped at the long aluminium rod to be
0.5mm. Altogether this leads to an uncertainty of about ∆z=0.6mm. Additionally, an
uncertainty in the plane perpendicular to the z -axis has to be taken into account, due to
the fact that it is impossible to adjust the probe exactly on-axis. The imperfect alignment
and the laser spot size of 2.5mm lead to an estimated uncertainty of ∆x=∆y=0.5mm.
The error in the determination of the magnetic field due to the NMR measurement is
∆B=1µT. For the sake of clarity this error is left out in some graphs.
Note, that the error of the later calculated quantities is derived after Gauss propagation
of errors. Moreover, just a selection of the data taken is being discussed in the following.
5.1.1 Measurement of the magnetic field on-axis
In order to reduce systematic effects during these measurements, the probe was once
inserted from the front and once from the back side of the magnet. Magnetic field mea-
surements were performed in 5mm steps as long as the NMR-probe locked, i.e. as long as
the magnetic field gradient was smaller than 50 ppm/cm3 indicating the required homo-
geneity for the probe model in use [80]. The result of this measurement and for comparison
the data provided by the magnets supplier after installation are shown in Fig. 5.3. For
this on-axis measurements of the magnetic field two graphs shifted in absolute magnetic
field amplitude were obtained, due to the different insertion direction of the NMR-probe.
The shift is in the more inhomogeneous region between z= -5 cm and z=8 cm approxi-
mately 5·10−5 T, and is not visible in the homogeneous regions. This is due to the fact
that not exactly the same z-position was adjusted by inserting the probe from different
directions. A little variation in the position of the NMR-probe causes a difference in the
magnetic field value due to the given inhomogeneity.
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Figure 5.3: Top: Magnetic field amplitude as a function of the distance from the magnets
center measured with a NMR-probe. Here the probe was inserted from the front (black
squares) or the back side (blue triangles) of the magnet and all magnetic field values
were measured as long as the magnetic field gradient was small enough for the use of the
NMR-probe. The uncertainties are to small to be visible. The data of the company (red
dots) are given as well. In addition the position of the purification trap, the pumping
barrier and the precision trap, with ring (1), endcaps (3) and the correction electrodes (2,
4), are shown at the bottom.
5.1.2 Influence of a magnetic field inhomogeneity on the ion’s
cyclotron frequency
Since the magnetic field in the two trap regions is of fundamental interest, it was measured
with a higher resolution of 2mm on the magnets axis. Figure 5.4 shows the result in the
region of the precision trap (a) as well as of the purification trap (b) of the TRIGA-TRAP
magnet. An almost constant B field is observed between z=9.3 cm and z=10.7 cm, the
optimal position for the precision trap center. The magnetic field in the purification trap
volume does not show such a linear behaviour. Since the distance between the two traps
is mechanically fixed to 20 cm, the purification trap should be located between z= -9.3 cm
and z= -10.7 cm.
In order to determine the influence of a magnetic field inhomogeneity (see Chap. 2.2)
on the ion’s cyclotron frequency, the magnetic field values in each trap region were fitted
with the function
B(z) = B0 − 2B1z +B2
(
z2 − 1
2
ρ2
)
, (5.1)
where ρ is the radial coordinate and B0, B1 and B2 are expansion coefficients. More
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precisely, the magnetic field values in the precision trap were fitted in the interval from
z=9.3 cm to z=10.7 cm. In the purification trap area a larger fit intervall from z= -7.7 cm
to z= -10.7 cm was chosen, to better reproduce the parabola. The Mathematica fit with
a weighting w=1/δ(B)2 of the magnetic field error δ(B) in both trap regions is included
in Fig. 5.4 and the results are given in Tab. 5.1.
For small amplitudes (z, ρ) it is possible to determine the frequency shift due to the
presence of the B2-coefficient. The contribution of the B1-coefficient to the cyclotron
frequency shift averages to zero, due to the ion motion, as derived in Chap. 2.2. So a
cyclotron frequency shift for a radial amplitude of ρ=0.5mm and an axial amplitude of
z=1mm of
∆νBC prec
νC
= 2.9(1.1) · 10−9 (5.2)
in the precision trap is caused due to the magnetic field inhomogeneities. For the purifi-
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Figure 5.4: Magnetic field in the precision trap (a) and purification trap (b). An optimal
place for the precision trap is between z=9.3 cm and z=10.7 cm. Thus, the position
of the purification trap is determined to be between z= -9.3 cm and z= -10.7 cm. In
addition the fits according to Eq. (5.1) are shown. The horizontal error bars represent
the uncertainties in the z measurement. The uncertainties in the B-field measurement
are too small to be visible.
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cation trap the value is
∆νBC puri
νC
= 5.6(3) · 10−9. (5.3)
Here, Eq. (2.22) derived in Chap. 2.2 was used. Together with the investigations below
(see especially Sec. 5.1.4), this leads to the previous assumption that the precision trap
has to be located at z=10 cm and thus the purification trap at z= -10 cm.
Table 5.1: Obtained fit parameters for a fit of the magnetic field in Fig. 5.4 with the
function given in Eq. (5.1), where the radial amplitude ρ is set to 0.5mm.
parameter Precision trap area Purification trap area
B0 7.000146(198)T 7.001715(49)T
B1 5.7(2.0)·10−5 T/cm -9.4(6)·10−5 T/cm
B2 5.36(1.98)·10−6 T/cm2 1.05(6)·10−5 T/cm2
χ2/n 1.1 1.7
5.1.3 Temporal stability of the magnetic field
Due to the flux creep phenomenon [32], the current running through the superconducting
coils of the magnet decreases steadily. For this reason compensation coils are installed
to counteract this effect and to guarantee a higher temporal stability during a mass
measurement cycle. In order to avoid an infinite increase of the compensation coils current
they have to be discharged once per month (so-called B0 dump).
To determine the magnetic field reduction in the trap regions during one discharge
process, the field was measured between two B0 dumps, see Fig. 5.5. Thus, it is possible
to determine the magnetic field decrease in the purification as well as in the precision
trap regions Γcoil between two discharging processes. The data in Fig. 5.5 lead to the
calculation of
Γcoil =
∆B
B
1
∆t
. (5.4)
The following issues have to be taken into account:
• To obtain ∆B the magnetic field difference before and after discharging of the
B0 coil was calculated for each point. Then the mean values was determined
in the precision trap (∆B=2.24(11)·10−5 T) and in the purification trap region
(∆B=1.94(11)·10−5 T).
• B is the mean value of the on-axis measurement after discharging, determined to be
6.9995114(27)T in the precision and 7.0008705(53)T in the purification trap region.
• The time ∆t between two B0 dumps is here ∆t=866.50(4) h.
In Fig. 5.6 a sketch of the expected time dependence of the magnetic field is displayed.
The result obtained here gives the temporal decrease in magnetic field amplitude in case
no compensation coils would be used. The outcome of the calculation above is
Γpreccoil = −3.7(2) · 10−9/h (5.5)
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Figure 5.5: The magnetic field in the region of the precision trap and the purification
trap before and after a B0 dump. The difference between the two curves is approximately
20µT.
in the precision trap region and
Γpuricoil = −3.2(2) · 10−9/h (5.6)
in the purification trap region. In general this two values should be identical but since only
a few points are taken into account for each trap region and since only one discharging
period was considered, it is not surprising that they are different. To achieve a value
with higher precision the number of data points have to be increased. It is important to
note that these results do not give any information about the temporal stability which is
achieved with the use of the compensation coils.
Figure 5.6: The expected behaviour of the magnetic field. The solid black curve shows
an illustration of the magnetic field without the use of compensation coils, the dashed
blue curve with. A steady decrease in the magnetic field amplitude due to the so-called
flux-creep phenomenon as well as a modulation due to day-night fluctuations is indicated
with the solid line. The effects of the compensation coils as well as of B0 dump are given
as dashed lines. The measurement times t1 and t2 and the discharging times are marked.
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Calculation of the compensated relative field decay Γ:
In a next test the magnetic field was measured at a fixed probe position in the purification
trap area approximately every second day to determine the longterm temporal stability.
This measurement cycle started at the day when the compensation coils were discharged
and finished when they were discharged a second time. In between the compensation
coils were in full operation to compensate for the magnetic field drift. The result is
shown in Fig. 5.7. To determine the temporal stability of the magnetic field with the
use of the compensation coils, the total relative field decay Γ is evaluated by a linear
fit B = α + β · t to the data points between t=0 and t=576 h (see Fig. 5.7). Thus,
it is possible to evaluate Γ at the fixed probe position of z = -10 cm. The parameters
obtained are α=7.0008356(6)T and β=(-0.3± 1.6)·10−9 T/h with a reduced χ2 of 1.85
and a weigthing error of w=1/δ(B)2. Γ is found to be:
Γ =
∆B
B
1
∆t
=
β
α
= −4.3(22.8) · 10−11/h. (5.7)
Since the NMR-probe enables the magnetic field measurement with an absolute precision
of about 0.1 ppm [78] more magnetic field values have to be taken in smaller time intervals
over a longer period of time to reduce this large error in β. However, one can already
state, that the field stability while using the compensation coils is at least in the order of
a few 10−10/h or better, which is already an excellent value compared to other Penning
trap facilities, see below. Our value is much better than the upper value given by the
company of 5·10−8/h [68]. In the system manual nothing is said about the measurement
and the calculation leading to this value. However, the time interval ∆t chosen by the
company is an order of magnitude smaller than in the measurement within this work.
Figure 5.7: Temporal fluctuations of the magnetic field at a fixed probe position of
z= -10 cm. Data were taken approximately every second day. This measurement cy-
cle started at the day of the discharge of the compensation coils (t=0) and finished
before they were discharged a second time (t=576 h). A linear fit (solid red line) to the
magnetic field values in between yields the total relative field decay Γ. The uncertainties
in t (∆t=0.04 h) are too small to be visible.
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Another possibility for a much better determination of Γ is the continuous and precise
measurement of the cyclotron frequency of a stored ion in the Penning trap over a long
period of time. This measurement will be carried out in the future at the TRIGA-TRAP
experiment. In the case of the magnet at ISOLTRAP’s precision trap, the total relative
field decay has been measured with stored ions over a period of about 40 days to be
∆B
B
1
∆t
= −2.30(3) · 10−9/h. (5.8)
The data was obtained by a continuous measurement of the cyclotron frequency of 85Rb+
[33]. Similarly, the value of the relative time-dependent uncertainty of the cyclotron
frequency of an ion due to magnetic field changes at SHIPTRAP was obtained to be [81]
∆B
B
1
∆t
= −1.3(3) · 10−9/h. (5.9)
5.1.4 Spacial homogeneity of the magnetic field
To evaluate the spatial homogeneity in the trap regions several circles with a radius
of 5mm were probed at different z positions along the z -axis and the magnetic field
values were measured in 60◦ steps, as shown in Fig. 5.8. In the expression for the spatial
homogeneity ∆B/B, the quantity ∆B is the difference of the maximum and minimum
magnetic field value in the measured cylinder volume defined by the mentioned circles.
The absolute magnetic field B is determined from the mean value of the measured values
on-axis. In this way the homogeneity in a cylinder of 0.5 cm length and 5mm radius
was found to be 2.1(2) ppm in the precision trap region (z=9.8 cm to z=10.3 cm) and
3.7(2) ppm in the purification trap region (z= -9.7 cm to z= -10.2 cm).
If ∆B is obtained as the difference between the maximum and the minimum magnetic
field in the measured circle at the matching z -coordinate, the smallest spacial homogeneity
in two dimensions is thus reached for the precision trap at 10.0 cm, where ∆B/B is found
to be below 0.3 ppm.
In the shimming procedure of the company the homogeneity was finally determined
in a volume of a few mm3 around z=10 cm to be 0.14 ppm and around z= -10 cm to be
0.7 ppm. These values could not exactly be confirmed but are still in good agreement to
the results presented here. In addition it has to be noted that the data delivered by the
company were obtained in a slightly different way. They measured at 10.0 cm, 9.5 cm and
10.5 cm and on a circle at 10.0 cm with radius 5mm in 90◦ degree steps. For ∆B they
considered all magnetic field values, except the one at 10.0 cm on-axis, to calculate the
difference of the maximum and the minimum value with B=7T.
For completeness, Fig. 5.9 shows the data obtained by describing a bigger circle with
radius 1 cm at other coordinates before the discharging process. The B -field values were
also measured in 60◦ steps and the homogeneity in a cylinder of 3 cm length and 1 cm ra-
dius was determined to be 9.3 ppm in the precision trap region (z=8.3 cm to z=11.3 cm)
and 15.4 ppm in the purification trap region (z= -7.7 cm to z= -10.7 cm). By special ap-
plications were large radii of the ion motion are required, e.g. the broad-band FT-ICR
detection, it is useful to define the spacial homogeneity in a larger volume. Of course, it
makes no sense to probe with the ion motion such a large volume in case highest mass
precision required. Since the considered volume is larger than in the previous case it is
not surprising that the value of the homogeneity increases noticeable. Nevertheless, the
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value obtained in the precision trap region is still smaller than the one obtained in the
purification trap region.
Finally, Tab. 5.2 gives an overview about the values determined by the measurements
described above.
Figure 5.8: Illustration of the results for the radial homogeneity after the discharging of
the compensation coils (09/25/07). Circles with radii of 5mm were described at different
z -positions in the vicinity of the precision (a) as well as purification trap center (b),
respectively. The magnetic field values were measured in 60◦ steps. The homogeneity
in a cylinder of 0.5 cm length and 5mm radius was determined to be 2.1(2) ppm in the
precision trap region and 3.7(2) ppm in the purification trap region. The uncertainties in
the magnetic field (∆B ≈ 1µT) and the angle (∆angle≈ 1◦) are too small to be visible.
In order to provide a better overview the points are connected.
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Figure 5.9: Results for the radial homogeneity at a larger radius of 1 cm. Here a circle was
described at different z -positions at the precision trap side (09/18/07), as well as at the
purification trap side (09/19/07). The magnetic field values were measured in 60◦ steps.
The homogeneity in a cylinder of 3 cm length and 1 cm radius was found to be 9.3 ppm in
the precision trap region and 15.4 ppm in the purification trap region. The uncertainties
in the magnetic field and the angle are too small to be visible.
Table 5.2: Results of the NMR-measurements of the TRIGA-TRAP magnetic field. Just
a selection of the data taken was discussed.
precision trap purification trap
date: 09/18/07 and 09/19/07
mean magnetic field on-axis B 6.999543(23)T 7.000890(5)T
(8.3 cm to 11.3 cm) (-10.7 cm to -7.7 cm)
spacial homogeneity ∆B/B 9.3(2) ppm 15.4(2) ppm
(in a volume of about 10 cm3) (8.3 cm to 11.3 cm) (-10.7 cm to -7.7 cm)
date: 09/25/07
mean magnetic field on-axis B 6.999513(1)T 7.000875(2)T
(9.8 cm to 10.3 cm) (-10.2 cm to -9.7 cm)
spacial homogeneity ∆B/B 2.1(2) ppm 3.7(2) ppm
(in a volume of 0.4 cm3) (9.8 cm to 10.3 cm) (-10.2 cm to -9.7 cm)
influence on cyclotron frequency ∆νBc /νc 2.9(1.1)·10−9 5.6(3)·10−9
(ρ=0.5mm, z=1mm)
temporal stability ∆B/B · 1/∆t -3.2(2)·10−9/h -3.7(2)·10−9/h
(without using compensation coils)
temporal stability ∆B/B · 1/∆t -4.3(22.8)·10−11/h
(using compensation coils)
54 Chapter 5:Magnetic field examination at TRIGA-TRAP
5.2 Examination of the magnetic fringe fields
In this section the studies on the magnetic field including the injection and ejection path
of the ions using different Hall-probes are discussed. The operating mode of the probe is
based on the Hall-effect. Charge carriers in a plate experience the Lorentz force in the
presence of an external magnetic field, generating a steady state Hall-voltage, which is used
as a measure for the magnetic field strength [82]. The main advantage is that a Hall-probe
is a fairly simple, inexpensive device, which is commercially widely available. Usually the
probe size is very small enabling the measurement of all three vector-components of the
magnetic field. Careful calibration of each probe is required, since Hall-probes provide a
non-linear respond to the field after a certain time in field. Another disadvantage is the
sensitivity to temperature changes.
In a first step the horizontal fringe field in the plane including the magnet’s axis was
determined, which is shown in Fig. 5.10. For this a Hall-magnetometer model 7010 from
Sypris and F. W. Bell was used [83]. The probe model STF71-0404-05 [84] enables a
measurement of transverse magnetic fields up to 3T, which is adequate for our purposes
to measure the fringe field outside the magnet. In addition, a determination of the mag-
netic field direction is possible, which is not of interest here, since only absolute magnetic
field values are of interest. The probe was fixed on a rotatable disc at beam-line hight
(118 cm above ground floor) attached to an aluminium bar. For a consistent procedure
the probe was rotated until the magnetometer monitored the maximum B -field. The
probe has to be zeroed frequently with the help of a µ-metal1 cylinder. In Fig. 5.10 the
data points at positive y-values are mirrored supposing that the magnetic field is sym-
metrical to the magnet’s axis, which has been confirmed at a few points within less than
a percent level. The behaviour of the magnetic field lines resulting from the two existing
magnetic field centers is visible. The knowledge of the field in the horizontal plane is
especially important for the laser spectroscopy experiment TRIGA-LASER, which will
be installed and performed close to TRIGA-TRAP. Furthermore, and even more impor-
tant, the field on a close safety path of the reactor hall has to be <1mT, which is the case.
In a second step the magnetic field on the vertical plane containing the magnet’s axis was
measured, being important for the positioning of turbomolecular pumps (see Fig. 5.11).
Devices like pumps and electrical equipment can usually stand up to 5mT and must thus
be placed away from the magnet. In this context see also Fig. 4.2.
The main error in the fringe field measurement originates from the three-dimensional
positioning of the Hall-probe. The x - and y-errors of Fig. 5.10 and Fig. 5.11 are in the
order of about 1 cm for points close to and 5 cm for points far away from the magnet.
Since the gradient of the magnetic field at the entrance of the magnet’s bore is large, here
a small error in the x -,y- and z -coordinate has a strong influence on the uncertainty of
the magnetic field. Before starting the measurement, the x -position was adjusted to the
height of the magnet’s center. Uncertainties are resulting from the unbalanced reactor
hall floor. They can be estimated to be approximately 0.5 cm. Furthermore, the adjusted
angle of the probe has an error, which is again small for points close to the magnet (2.5◦)
and large for points far away from the magnet (10◦). The angle was checked by using a
rotatable disc where an angle scale was fixed. The uncertainties in the B-field measure-
1µ-metal is a nickel-iron alloy having a high magnetic permeability. Thus, it provides a very effective
screening of magnetic fields.
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Figure 5.10: (Colour) Mapping of the magnetic field in the horizontal plane containing
the magnet’s axis, i.e. at a beamline height of 118 cm.
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Figure 5.11: (Colour) Mapping of the magnetic field in the vertical plane containing the
magnet’s axis.
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ments are in the order of 50µT.
In a third step the magnetic field along the central-axis was determined from z = -232 cm
to z=232 cm to know the field gradient, which is relevant later for the ion transport and
the time-of-flight detection [85]. Since the Sypris Hall-probe only measures up to 3T
the use of another hall probe was necessary. With the 5200 Hall effect magnetometer
from Oxford Instruments, which works up to 20T, the z -axis range was measured from
z= -75 cm to z=73 cm. The alignment of the probe was done in the same way as in the
NMR measurement, i.e. using a laser and target discs. Since this measurement was only
a relative measurement of the magnetic field, the data obtained with this Hall-probe were
adjusted to the NMR-probe data to achieve absolute values. To this end NMR-probe
data measured from z= -11.3 cm to z=11.7 cm were fitted with a line BNMR=α+ β · z.
Furthermore, the Hall-probe data in the two linear regions from z= -12 cm to z= -9 cm
and from z=9 cm to z=12 cm were also fitted with a line BHall=α
′+ β′ · z, to carry out
the curve adjustment. Thus, the adjusted values for BHall could be calculated as
Badjusted =
α+ β · z
α′ + β′ · z ·BHall. (5.10)
In a last step also the magnetic field values obtained with the Sypris Hall-probe in the
interval from z= -72 cm to z= -232 cm and from z=72 cm to z=232 cm were adjusted.
All data points are shown in Fig. 5.12 .
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Figure 5.12: Magnetic field along the magnet’s axis. The data points were fitted using
Eq. (5.15)(solid line). Since the uncertainties in the z-position would be only visible
for values far away from the center (see text) they are not displayed for sake of clarity.
Anyway the uncertainties in the B-field are too small to be visible.
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Determination of the magnetic field gradient for the ToF-ICR detection:
The determination of the magnetic field gradient at TRIGA-TRAP in the drift sections
from the precision trap to the detector is of particular importance, since here the conver-
sion from radial to axial energy takes place (see Sec. 3.2). The drift section at TRIGA-
TRAP between the Penning trap and the time-of-flight detector contains eight cylindrical
electrodes [21]. Thus, the total time of flight is the sum of the flight times within all
parts. Figure 5.13 shows the measured magnetic field gradient from the precision trap to
the detector. It is obvious that the energy conversion takes place in the drift sections d2
and d3, since here the largest field gradient is present.
0 10 20 30 40 50 60 70 80 90 100 110 120
0
1
2
3
4
5
6
7
8
 B
 / 
T
z / cm
ce
nt
er
 p
re
ci
si
on
 tr
ap
 (z
=1
0c
m
)
d1 d2 d3 d4 d5 d6 d7 d8
M
C
P
 d
et
ec
to
r
turning
point
Figure 5.13: The magnetic field gradient from the precision trap to the detector includ-
ing the division in the different drift sections di (i = 1-8). The zero corresponds to the
geometrical center of the magnet
The magnetic field at TRIGA-TRAP can be simulated using the Helmholtz model.
Therefore, the magnetic field generated by a current I which flows through a finite coil
orientated parallel to the z-axis with length L and radius R is modelled. The magnetic
field is found to be [86]
B(z) = K (g1(z − p)− g2(z − p)) , (5.11)
where
K =
µNI
2
, (5.12)
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g1(z) =
z + L/2√
R2 + (z + L/2)2
, (5.13)
g2(z) =
z − L/2√
R2 + (z − L/2)2 . (5.14)
µ is the magnetic permeability, N the number of turns per length, and p the z-position
of the coil relative to the origin. This model can be expanded to three coil pairs arranged
symmetrically around the origin with the same radius R but different coefficient Ki and
lengths Li. Accordingly, the magnetic field is
B(z) =
3∑
i=1
Ki (g1i(z − pi)− g2i(z − pi) + g1i(z + pi)− g2i(z + pi)) (5.15)
and
g1i(z) =
z + Li/2√
R2 + (z + Li/2)2
, (5.16)
g2i(z) =
z − Li/2√
R2 + (z − Li/2)2
. (5.17)
Equation (5.15) was fitted to the measured magnetic field values of Fig. 5.12. The fit
parameters are given in Tab. 5.3. This calculation is only a model, since in reality super-
conducting magnets are build up more complicated to achieve the required homogeneous
Table 5.3: Obtained fit parameters for a fit with Eq. (5.15) to the magnetic field in
Fig. 5.12.
parameter fit result
p1 -33.9(2) cm
p2 38.8(3) cm
p3 31.9(3) cm
L1 34.6(8) cm
L2 0.41(5) cm
L3 0.31(5) cm
K1 0.27(1)T
K2 1.7(1)T
K3 1.9(1)T
R 9.6(1) cm
centers. Thereby the radius of the coils is varied and compensation coils are additionally
added. Nevertheless, it is possible to describe the gradient very good as well as the turning
point of the magnetic field, which was determined to be at z=35.9 cm. This position is
not exactly at the end of the drift section d2 (z=40.0 cm). However, this can be changed
in the future.
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5.3 Alignment of the trap axis relative to the mag-
netic field direction
An accurate coaxial positioning of the liquid nitrogen cooled trap tube (manufactured
by Cryovac) within the cylindrical room temperature bore of the superconducting 7-T
magnet is essential. A misalignment characterised by a tilt angle between the axis of the
magnetic field and the axis of the quadrupolar electric field of the Penning trap would lead
to the coupling of the eigenmotions of an ion stored in the trap and finally to systematic
errors. Thus the tilt angle should be kept as small as possible, see Eq. (2.25). In addition,
the alignment is mandatory for an efficient low energy ion beam injection into the trap
setup.
The Penning trap electrodes are machined with very small tolerances of less than
10µm [21] in order to maintain cylindricity, parallelism, straightness, and overall symme-
try of the trap electrodes. Also the assembled trap setup is to a high degree free from
internal misalignments and tilts. Furthermore, the trap tube and the bore of the magnet
is of cylindrical symmetry and straight, free of mechanical defects. The trap tower is
dimensioned and built carefully to give a perfect fit within the trap tube and is in addi-
tion installed and aligned with the help of theodolite to better than 0.1mm. Thus the
missalignment of this fit is neglected. However, to achieve a well aligned trap setup a
perfect alignment (< 0.05◦) of the trap tube versus the magnetic field axis is mandatory.
The alignment of the trap tube was carried out using a tool designed within this work
(see Fig. 5.14 and Fig. 5.15) which is based on the principle of the detection of electrons
that are confined and guided by the magnetic field lines. It consists of a thermionic
electron gun, a set of cylindrical plates with coaxial apertures (0.3mm, later modified to
0.5mm), and a position-sensitive segmented plate detector to pick up the electron current
using a Keithley 6487 electrometer. Free electrons were produced with the thermionic
electron gun in the center of the homogeneous region of the magnet. Since the electrons
follow the magnetic field lines, they are detected at the position resolving detector lo-
cated at a certain variable distance (see Fig. 5.15). The electron guns are symmetrically
arranged, thus the tool allows for simultaneous electron current measurements at both
ends. More precisely the detector is an eight-fold segmented copper plate with a 0.2mm
aperture in the center, so once the aligned position is found, electrons will pass through
this hole and can be detected at another plate at the rear side. The electron signal is
monitored continuously at the detectors while the tube is shifted inside the magnet’s bore
tube. A well-aligned setup results in a high-current signal at the rear plate, which means
that electrons are guided from the electron gun through the apertures and finally through
the center hole of the segmented detector.
During the design process of the alignment tool high demands on mechanical tolerances
where made. Furthermore, the parts of the whole electron gun were made of non-magnetic
materials to avoid a perturbation of the homogeneous magnetic field, i.e. aluminium, brass
and teflon. The panels are kept open enough i.e. have a certain number of holes which
are necessary for the pumping of the vacuum tube. Also a tiny hole in the center of the
panels with a diameter of 0.5mm was needed for the electron beam. It is very important
for the proper alignment that the apertures of the plates have a common axis once the
tool is assembled. Asides from that, the thermionic electron guns were carefully mounted
on axis, 7mm behind the surface, facing a 0.5mm aperture, so that emitted electrons can
pass through. The axial alignment was checked with a laser pointer during the assembling.
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Figure 5.14: Schematic drawing of the electron gun. After the creation of the electrons at
high potential (1.5-1.6 kV) they will follow the magnetic field lines towards the eight-fold
segmented detector. Only in case the trap tube including the centered electron gun is well
aligned, i.e. if the trap tube is parallel to the magnetic field lines, a maximum current is
obtained at the center of the detector.
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Figure 5.15: Photographs of the individual parts of the electron gun. In (a) the electrode
for the creation of the electrons, in (b) the whole electron gun, and in (c) the eight-fold
segmented detector is shown.
To produce the electrons a DC current of 5.7A was applied to the cathode for the
thermionic electron sources. Furthermore, an acceleration voltage of about -1.5 kV was
applied, so that the electrons had sufficient energy to reach the detector plates. Figure 5.16
shows the glowing cathode inside the bore of the superconducting magnet at a restgas
pressure of 10−8 mbar. In each measuring step the position of the tube was slightly changed
and the current at the segments of the detector measured. The eight-fold segmented
detector was in the end 45 cm away from the cathode, where finally a maximum current
of about -1 nA was detected at the rear anode plate behind the 0.2mm aperture of the
detector. In addition, the alignment was checked by reversing (turning around 180◦) the
alignment tool in the magnetic field. As expected the current was found to be the same.
Finally, the trap tube was fixed at the magnet and served as reference for the alignment
of other beamline elements using a theodolite.
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Figure 5.16: View of the glowing electron cathode inside the magnet.
An estimated maximum misalignment between the trap axis and the magnetic field of
0.05◦ results in a maximum shift of 2mHz for a magnetron frequency of approximately
1 kHz at TRIGA-TRAP (see Eq. (2.25)). In a 7-T field the cyclotron frequeny for 133Cs
is 1MHz. From this it follows that
∆νmisalignC
νC
≈ 2 · 10−9 (5.18)
using νc= ν+ + ν−.
Chapter 6
Characterisation of amplifiers for the
broad-band FT-ICR detection
Within this chapter results obtained for different radio frequency (rf) amplifiers which
might be used for the broad-band FT-ICR detection in Penning traps are presented. In
Sec. 6.1 a short review of the requirements on the amplifiers is given. The characterisation
of several amplifiers of consideration is carried out in Sec. 6.2 and the results are discussed
in Sec. 6.3. Moreover, tests of selected amplifiers at the double-Penning trap experiments
TRIGA-TRAP and SHIPTRAP are presented in Sec. 6.4.
6.1 Demands on the amplifiers
As mentioned in Chap. 3.1 there are several requirements concerning the amplifiers used
for a broad-band FT-ICR detection of stored ions in a Penning trap. For the examination
of the amplifiers the following parameters should be investigated:
• They must offer a sufficiently high amplification. A high gain ensures that the
voltage amplitudes arriving at the spectrum analyser can be processed.
• A high input resistance of the amplifier ensures a flat frequency independent
response of the detection and to transform the small induced current signal into a
voltage signal (see Sec. 3.1.2).
• A small input capacitance is necessary to avoid a large decrease of the detected
voltage signal since it adds to the total capacitance of the system (see Eq. (3.6)).
• To obtain a high S/N ratio (see Eq. (3.20)) the amplifier should have a low voltage
and current noise.
Three commercially available amplifiers which should fulfill the parameters above have
been investigated within this work:
• the model A5PAA401 from Bruker Daltonics [87]
• the model SR560 from Stanford Research Systems [88]
• the model SA-220F5 from NF-Corporation [89].
In addition a standard 50-Ω rf amplifier ZFL-500-LN from Mini-Circuits [90] was tested.
It can be used as a second amplification stage after an amplifier with high input impedance.
6.2 The amplifiers and their characterisation 63
6.2 The amplifiers and their characterisation
For the characterisation of the amplifiers the amplification as well as the equivalent input
voltage noise was measured in the interesting frequency interval of 100 kHz to 10MHz,
corresponding to the mass range of interest (see Tab. 2.1). In addition, the current noise
and the input capacitance of the amplifiers were determined. In the following an expla-
nation of the performed measurements is given.
Amplification measurements:
For the measurement of the amplification two Hewlett Packard 3577A and 4195A network
analysers have been used. For calibration purpose, the attenuation of the cable was
measured in a first step without connected amplifier. Then the voltage output of the
network analyser was applied to the amplifiers input, where in some measurements an
additional attenuator was used to protect the amplifier. In general -50 dBm were applied
at the amplifier. The amplified voltage was fed to the input of the network analyser,
whereby the gain of the amplifier
G[dB] = 20 · log (G[V ]) . (6.1)
is obtained as a function of the frequency. The error of the gain was calculated after
Gauss propagation of errors. Therefore, the sensitivity of the different contributing terms
was estimated by means of their variation at the spectrum analyser. This error is nearly
independent of the used amplifier and is in the order of 0.1 dB.
Voltage noise measurements:
In order to determine the voltage noise the experimental setup shown in Fig. 6.1 was used.
The intrinsic amplifier noise sources are shown in grey (see Fig. 3.5). At the input of the
amplifier an external noise resistor Rex was applied and the output was connected to a
spectrum analyser. The physical quantities are:
• √4kBTRsys is the thermal noise of the resistance Rsys, which results from a parallel
connection of Rex and the input resistance of the amplifier R [50, 51].
• en is the equivalent input voltage noise of the amplifier, which is to be determined.
• in represents the current noise of the amplifier.
• G is the voltage amplification of the amplifier.
• esa is the input voltage noise of the spectrum analyser.
Since the voltage noise for uncorrelated noise sources adds up quadratically (see Eq. 3.16),
the total measured voltage noise esys of the system denotes
e2sys =
(
4kBTRsys + e
2
n + i
2
nR
2
sys
)
G2 + e2sa. (6.2)
For a small Rex the contribution of the current noise in can be neglected and for the
parallel connection of Rex and R follows:
Rsys =
R ·Rex
R +Rex
≈ Rex, since Rex ≪ R. (6.3)
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Figure 6.1: Experimental setup for voltage noise measurements. At the input of the
amplifier (grey) an external noise resistances Rex, which has a thermal voltage noise of√
4kBTRex, or a short cut was applied. The amplifier has a voltage noise of en, a current
noise in, and an input resistance R having a thermal voltage noise uR (see Fig. 3.5).
Subsequent the noise amplitudes reach the spectrum analyser which itself has an input
voltage noise esa.
Thus, a 50-Ω resistor was connected, or the input was short cut. For completeness, the
thermal noise due to a 50-Ω resistor at room temperature amounts to 0.9 nV/
√
Hz. An
additional measurement to determine the input noise of the spectrum analyser has to be
done. Hence, en can be calculated as
en =
√
(e2sys − e2sa)
G2
− 4kBTRex (6.4)
Note, this measurement technique is only possible if the amplified noise arriving at the
spectrum analyser is larger than the noise of the spectrum analyser itself. This is espe-
cially not the case for amplifiers with low noise and less amplification. In this case, a
second noiseless amplifier with sufficient amplification can be used as additional amplifi-
cation stage. The noise of the first amplifier will dominate (see Eq. (3.18)) and will be
sufficiently amplified to be resolved at the spectrum analyser.
For the noise measurements a spectrum analyser FSP13 from Rhode&Schwarz, later re-
ferred to as FSP13, was used. In Fig. 6.2 the measured input noise, which depends on
the chosen bandwidth of the front-end filters, is displayed. It shows for low frequencies
a 1/f behaviour (see Chap. 3.1.3), which passes into a constant thermal noise of about
3 nV/
√
Hz. Here, the internal rf attenuator of the FSP13 was set to 0 dB. The FSP13
has a digital display which consists either of 501 or 8001 pixels in the frequency domain
depending on the settings. Thus, each pixel represents 1/500 or 1/8000 of the whole
frequency span and is dependent of the chosen detector [91]. For the noise measurements
the sample detector was used selecting for each pixel the instantaneous voltage level in the
center of the frequency interval. Since this detection does not necessarily catch the true
peak value of the signal, it is well suited of indicating the randomness of noise. Addition-
ally multiple sweeps were done, where the new pixel value is the average of the previous
one, to get a stabilised display. The number of sweep points (SWP) is later displayed in
each graph.
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Figure 6.2: Input noise of the spectrum analyser FSP13 from Rhode&Schwarz. The
abbreviations given in the box as well as the uncertainties are discussed in the text.
A detailed description of the operating principle of a spectrum analyser can be found in
[92]. In the following some important features concerning noise measurements are given.
An incoming signal cannot be analysed for all frequencies at the same time, therefore it
is necessary that the frequency is swept using the principle of heterodyning (Sec. 3.1.5).
Since the output of the used mixer includes the sum and difference products plus the
original signals (input and tunable oscillator), a bandpass determines the intermediate
frequency (IF). This filter selects the desired mixing products and rejects all other signals.
Some special demands on the velocity of the detuning have to be fulfilled. If it is done
too fast, the measurement of the signal amplitude gets less precise. A drop in displayed
amplitude and a shift in indicated frequency is obtained, since the IF filter is a bandwidth
limited circuit. The time (T) how long a mixing product stays in the pass-band of
the IF filter is directly proportional to the resolution bandwidth (RBW) and inversely
proportional to the sweep in Hz per unit time:
T =
RBW
Span/SWT
, (6.5)
where Span is the observed frequency interval and SWT the sweep time. The rise time
t of a filter is inversely proportional to its bandwidth t= k/RBW, where k is a constant
in the order between 2 and 3 [92]. So a sweep time of
SWT = k · Span
RBW 2
(6.6)
is obtained. Thus, a high resolution causes a large sweep time and a long measurement
time. Additionally, a video filter being a low pass filter with video bandwidth VBW is
used after the IF filter and after an envelope detector. This filter is necessary to measure
small signals which are otherwise not displayed, since their amplitudes lay in the range of
the own internal noise of the spectrum analyser. If the cutoff frequency of the video filter
is reduced to the point where it becomes smaller than the bandwidth of the selected IF
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filter, the video system can no longer follow the more rapid variations of the envelope of
the signal and as a result the displayed signal becomes smooth.
To increase the sensitivity of the noise measurements a high resolution was chosen.
The settings are displayed in the corresponding graphs for each tested amplifier. For an
elaborate and conscientious investigation of the sensitivity, the measurement at fixed fre-
quency has to be repeated several times to calculate the standard derivation. Since for the
later chosen settings the measuring time for one data point was in the order of 20-30min
it was not possible to carry out this procedure for each frequency point and each amplifier
in time. To this end this was exemplarily done for one amplifier, the A5PAA401 from
Bruker Daltonics (for more information see later). The voltage amplitude was measured
ten times at a frequency of 100 kHz with 50 SWP as well as with 100 SWP. The stan-
dard derivation was determined as 9% and 6%, respectively, from the mean value. For
the same measurement at a higher frequency of 5MHz a standard derivation of 9% and
3%, respectively, was calculated. Thus, a high SWP value is necessary especially for low
frequencies to minimise the uncertainties. Nevertheless, different experimental setups, for
example a non proper grounding, may affect the uncertainties. It can be estimated that
the variation is in the order of 3% of the measured noise for the settings used by the
following measurements (here SWP>500).
Current noise measurements:
The experimental setup to perform current noise measurements is shown in Fig. 6.3. It
equals the principle of the voltage noise measurement but here the input of the amplifier
is open. The impedance of the whole system |Z(ω)| results from a parallel connection of
the input resistance and the input capacitance of the amplifier (see Eq. (3.7)). Thus, the
current noise can be calculated using Eq. (6.2) to
in =
1
|Z(ω)| ·
√√√√((e2sys − e2sa)
G2
− 4kBT ·Re[Z(ω)]− e2n
)
, (6.7)
where only the real part of the impedance
Re[Z(ω)] =
R
1 + (ωRCin)2
(6.8)
contributes to the thermal noise. In case 1/R≪ ωC it can be expressed as
in = ωCin ·
√√√√((e2sys − e2sa)
G2
− 4kBTR
1 + (ωRCin)2
− e2n
)
. (6.9)
Current noise measurements are highly sensitive measurements, as can be seen from
Eq. (6.9): Regarding the three terms under the square root, it becomes obvious that
the thermal noise and the voltage noise must be known very precise. A variation in the
temperature of about 10mK already changes the calculated current noise significantly.
Within the performed measurements we could neither guarantee a stable room tempera-
ture nor to measure it as precise as required. Especially for amplifiers with high gain and
small noise the first term under the square root will be small and hence, the other terms
must be known even more precise. Thus, the following results give only a rough estimate
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Figure 6.3: Experimental setup for current noise measurements. The amplifier (grey) has
an open input. Its voltage noise en, current noise in, input capacitance Cin, and input
resistance R, which has a thermal voltage noise uR, is shown. The noise amplitudes reach
the spectrum analyser having an input voltage noise esa.
of the amplifiers current noise.
Input capacitance measurements:
The capacitance measurements were performed with a tuned circuit as illustrated in
Fig. 6.4. In a first step the capacitance and the inductivity of the resonator consisting of a
coil wound around a teflon core within a cylindrical copper housing was determined. Due
to the different amplifier inputs this was done for a BNC as well as for a SMA connector
soldered to the end of the coil. A Hewlett Packard 4195A network analyser was used. The
signal was weakly coupled to the resonator. The transmission signal gives the resonance
frequency which denotes
νj,1 =
1
2π
√
LCj
, (6.10)
where Cj (j= {coil + BNC, coil + SMA}) is the capacitance of the coil and the particular
connector. In a next step an additional known capacitance Cknown was connected parallel
to the coil. The resulting resonance frequency is shifted to lower values
νj,2 =
1
2π
√
L(Cj + Cknown)
, (6.11)
from which Cj can be determined:
Cj =
Cknown(
νj,1
νj,2
)2
− 1
. (6.12)
CBNC was found to be 9.1 pF and CSMA was measured to be 8.6 pF. Finally, the amplifier
was connected leading to a resonance frequency of
νj,3 =
1
2π
√
L(Cj + Cin)
, (6.13)
where Cin is the requested input capacitance of the amplifier, which gives
Cin =
((
νj,1
νj,3
)2
− 1
)
· Cj. (6.14)
68 Chapter 6: Characterisation of amplifiers for the broad-band FT-ICR detection
Figure 6.4: Experimental setup for capacitance measurements of an amplifier with input
capacity Cin being connected to a coil. The signal is weakly coupled to the resonator.
The transmission signal at the spectrum analyser gives the resonance frequency and thus,
the capacity can be calculated. All grounds were connected to the resonator housing (not
directly displayed here).
In case of a conscientious experimental setup the uncertainties in the capacitance mea-
surement are in the order of 5%. A conscientious experimental setup is characterised by
several points:
• A weak coupling of the signal to the amplifier’s input is necessary to avoid coupling
of additional capacitances of the analysers and input cables.
• Proper grounds have to be defined and short cable ways to them have to be chosen.
• Moreover, it is necessary to avoid guiding hot cables over the grounds.
In the following the experimental results taken with the amplifiers of consideration are
presented.
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6.2.1 The Mini-Circuits amplifer ZFL-500-LN
The ZFL-500-LN is a standard 50-Ω rf device working in the frequency range from
0.1MHz to 500MHz [90]. A photograph is shown in Fig. 6.5.
Figure 6.5: Photograph of the Mini-Circuits amplifier ZFL-500-LN.
The gain was determined for three different models which are identical in construction,
named ZFL-500-LN-1, ZFL-500-LN-2, and ZFL-500-LN-3. The results are shown in
Fig. 6.6. The input voltage of the amplifier was adjusted in such a way to avoid an
overamplification and thus damage of the amplifier. All models show an equal behaviour
in gain, but slightly shifted. From 1MHz to higher frequencies a linear gain is found,
being in agreement with a minimum gain of 20 dB given in the data sheet.
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Figure 6.6: Gain measured for the Mini-Circuits amplifiers ZFL-500-LN-1, ZFL-500-
LN-2 and ZFL-500-LN-3. The amplification in decibel is given as a function of the
frequency and is in agreement with the specifications given in the data sheet. The error
was estimated by means of the variation at the spectrum analyser (for further details see
text).
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The voltage noise of ZFL-500-LN-1 was investigated, which is shown in Fig. 6.7.
Therefore a 50-Ω noise resistor was connected at the input. Since the detected noise
amplitudes were in the order of 1 nV/
√
Hz the input noise of the spectrum analyser (see
Fig. 6.2) was measured as well. The measured voltage amplitudes of the ZFL-500-LN-1
were determined to be between (0.54-1.12) nV/
√
Hz. For frequencies above 4MHz the
noise is at a level of 0.70 nV/
√
Hz. For the discussion of the errors refer to the explanation
of the voltage noise measurements. The errors can be estimated to be about 3% of the
measured noise. The results are in good agreement with the specifications in the data
sheet. Here a voltage noise of 1.08 nV/
√
Hz is given.
Since this amplifier is only used as a second amplification stage and is not connected
directly to the Penning trap, no measurements of the current noise and the input capaci-
tance were performed.
(
(
Figure 6.7: Voltage noise of the Mini-Circuits amplifier ZFL-500-LN-1. The settings of
the spectrum analyser are displayed in the box. The results are in agreement with the
voltage noise of 1.08 nV/
√
Hz given in the data sheet. For the discussion of the errors
see text.
6.2.2 The Bruker Daltonics amplifier A5PAA401
The Bruker Daltonics A5PAA401 preamplifier (see Fig. 6.8) is the first stage of a com-
mercial FT-ICR detection system. This system should be located in a 4” magnet bore
and is constructed for mass determination of molecules in chemistry and biology. In the
data sheet an effective frequency interval from 500Hz to 3MHz and a gain of about 40 dB
is given [87]. The input resistance amounts to 20MΩ.
A voltage stabilisation was built up according to the circuit diagram given in [87].
Thus, a supply voltage of ±18V must be applied so that the amplifier gets a stable voltage
of±15V. In addition the amplifier board was mounted in an aluminium box. The amplifier
board was fixed at the bottom and screened with a copper foil against perturbation
interference signals. In particular the board consists of two identical amplifiers, where
each one is located at one half. In addition a current source is included. The simplified
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Figure 6.8: Photograph of the Bruker Daltonics amplifier A5PAA401. In (a) the board
consisting of two identical amplifiers and the location of the current source is shown. In
(b) a view inside the aluminium box is given. The board is fixed at the bottom and the
voltage supply at the top of the aluminium box.
circuit diagram of one amplifier is displayed in Fig. 6.9. Three amplification stages are
realised:
1. The input stage consists of two FET’s [93] (T1 and T2). The advantage is that
they provide a powerless control and a high input impedance [94]. The gate source
voltage is used for the control of the drain current. Since an insulation layer is
between gate and source, no current is flowing between them. First the signal
passes transistor T1, which is arranged as source circuit, where the signal is applied
at the gate and the output at the drain. The second transistor (T2) is arranged as
gate circuit, where the source is used as signal input and the drain as output. Both
form a cascode to eliminate the Miller effect [94]. This effect results from a parasitic
gate-drain capacitance which leads to a degeneration of the input and the output.
The Miller capacitance forms with the input impedance of the signal source a low
pass, which considerable reduces the cut-off-frequency for high input impedances.
2. A second part consists of two PNP bipolar transistors [95]. Coupling capacitors
(C1 and C4) enable an independent choice of the operation point voltage from the
d.c. voltage of the signal source and the load. With the resistors R3, R4 and R5
the basis-emitter voltage is adjusted over a voltage divider. In addition a current
degeneration, using R7 and C3, is realised at the emitter circuit of T4 to achieve a
stable adjustment of the operating point independent of temperature fluctuations
due to the production process.
3. As last amplification stage an operational amplifier (OP1) is used [96]. The output of
the operational amplifier is feed back over R11 to the inverting input. The operating
point is determined by the supply voltage being adjusted with the current source.
Figure 6.9 also shows the current source placed at one half of the board. Two n-channel rf
amplifiers are used [97]. A current source delivers a constant output current and is used to
adjust the operation point. If the drain current ID is independent from the drain-source
voltage UDS, a single transistor can work as current source. For this purpose a constant
input voltage is applied and the drain is used as output. Since ID(UGS, UDS) ≈ I(UGS),
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Figure 6.9: (top) Simplified circuit diagram of the amplifier APAA401 (modification of
[87]). (bottom) In addition the current source is included.
it follows for a constant gate-source voltage UGS that I(UGS)= const.. This principle is
realised by FET T5, here only drain and source are exchanged. The drain is set to -15V,
the gate is open and the source is the output. FET T6 is used to hold a constant gate-
source voltage of T5, since the gate-drain voltage of T6 provides that T6 works at the
same current as T5. Thus, T6 protects T5 against voltages fluctuations, more information
can be found in [98].
Two amplifier boards were tested, where in the following the two amplifiers on the first
board are called B1 and B2 and the ones on the second board B3 and B4, respectively.
The current source is placed at the half of the board where the amplifiers B2 and B4 are
located, respectively.
The uncertainties in the gain, the voltage and current noise as well as the capacitance
measurements have been discussed at the beginning of Sec. 6.2.
The experimentally determined gain of each Bruker amplifier is shown in Fig. 6.10.
Although all amplifiers have the same working principle, the gain is different for each one.
B1, B3 and B4 show the same behaviour but shifted. However, the amplification of B2
is completely different in comparison to the others which is a first hint that this amplifier
might be damaged. A high gain in the order of (28-38) dB was found for all amplifiers at
100 kHz. It decreases steadily with higher frequency. In particular B1 shows a minimum
gain of only 15 dB at 10MHz, whereas B2-B4 show a gain of about 22 dB.
In a next step the voltage noise of B1 -B2 was measured with the FSP13. To ensure
that the voltage amplitudes are sufficiently amplified and thus, can be resolved at the
FSP13 the ZFL-500-LN was used in some cases. It was not necessary to determine the
input noise of the ZFL-500-LN again, since the observed voltage noise amplitudes at the
FSP13 were in the order µV/
√
Hz. This term could be neglected, since the influence
on the voltage noise of the Bruker amplifiers is in the order of 1h. The results of the
voltage noise measurements are different for all amplifiers, see Fig. 6.11.
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Figure 6.10: Gain of the Bruker Daltonics amplifiers B1-B4 in the investigated frequency
span from 100 kHz to 10MHz. The errors are to small to be visible and are in the order
of 0.1 dB. The lines between the data points only guide the eye.
(
(
frequency / MHz
Figure 6.11: Voltage noise of the Bruker Daltonics amplifiers B1-B4 in the frequency
range from 0.1MHz to 10MHz. Clearly visible is the 1/f -noise up to about 1MHz. For
the discussion of the errors see text. The data points of each amplifier are connected to
provide a better overview.
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Only for frequencies higher than 500 kHz a voltage noise smaller than 11 nV/
√
Hz was
obtained for all four amplifiers. Especially B3 and B4 show a large 1/f -noise. At 100 kHz
B3 shows a noise of 102.8 nV/
√
Hz and B4 of 63.8 nV/
√
Hz. In case of the broad-band
FT-ICR detection this noise level is too high and does not meet the requirements (see
Sec. 6.3).
The input capacitances are listed in Tab. 6.1. They are consistent with the input
capacitance of the first FET which is 20 pF [93]. Note, the amplifier B2 oscillated resulting
in a sharp resonance, thus the capacitance of this amplifier is not absolutely reliable.
Table 6.1: Input capacitance of the Bruker Daltonics amplifiers. The capacitance of am-
plifier B3 is not absolutely reliable since the amplifier oscillated. For the other amplifiers
the uncertainty amounts 5% (see text).
amplifier input capacitance
B1 17.4(9) pF
B2 (14.5 pF)
B3 12.9(6) pF
B4 12.3(6) pF
In a further measurement the current noise of B3 was measured. Due to the open
input, both, the current and the voltage noise contribute to the total noise. Since here
1/R≪ ωC, Eq. (6.9) can be used to calculate the current noise. The measured current
noise is outlined in Fig. 6.12. It is in the range between 400 fA/
√
Hz and 90 fA/
√
Hz and
decreases for increasing frequencies (1/f -noise). The influence of the current noise on the
total noise of the amplifier (see Eq. (3.19)) is negligible, since the high voltage noise is
the limiting factor.
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Figure 6.12: Input current noise of the Bruker Daltonics amplifier B3. The uncertainties
in the current noise measurements have been discussed in the text.
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6.2.3 The Stanford Research Systems amplifier SR560
This low-noise preamplifier (see Fig. 6.13) provides low-noise amplification of single-ended
(input A or B) and true differential (A-B) input signals at gains from 1 to 50.000. The
gain settings are displayed as a product of a factor 1, 2 or 5 and a multiplier (1, 10, 100,
1000, 10000). The amplification can be internally done either at the front-end or at the
back-end. For our purpose the amplification at the front-end to directly raise the low-
level (nV) signals above the instruments noise floor was chosen. The working frequency
range of the amplifier lies between 0.03Hz and 1MHz. Inputs A and B are voltage inputs
with 100MΩ input resistance and 25 pF input capacitance. Their connector shields are
completely isolated from chassis ground, but can be made common (see [88]). The chassis
is always connected to the grounding conductor of the AC power cord. The maximum
DC voltage input before overload amounts 1VDC. Nevertheless, the inputs are protected
to 100VDC, but should never exceed 10VDC [88]. In the AC coupled mode a maximum
peak-to-peak voltage of 3Vpp can be applied. In addition it is possible to select the
coupling of the inputs to the amplifier, AC coupled or DC coupled as well as grounded
with the input left floating. Two identical RC filters with cut-off frequencies between
0.03Hz and 1MHz allow to selectively prepare signals and can be configured as low-,
high- or bandpass.
Figure 6.13: Photograph of the Stanford Research Systems amplifier SR560.
The gain was measured for both inputs A and B with the Hewlett Packard 4195A
network analyser. The results are shown in Fig. 6.14 and Fig. 6.15. Both inputs show
the same amplification profile. Up to 600 kHz the amplification accords to the adjusted
value, thereafter it decreases by about (2-3) dB until the amplifier reaches its maximum
working frequency. The higher the gain was chosen, the earlier and stronger this decrease
was found to be. The decrease may be explained by rf-effects, e.g. cable reflections, which
will get more significant for higher frequencies.
At this point it has to be mentioned, that the uncertainties in the later presented
electrical properties have already been discussed earlier.
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Figure 6.14: Gain of the Stanford Research Systems amplifier SR560 at input A. The
lines indicate the adjusted gain levels. For the discussion of the errors see text.
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Figure 6.15: Gain of the Stanford Research Systems amplifier SR560 at input B. The
lines indicate the adjusted gain levels. For the discussion of the errors see text
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At first the noise was measured for a fixed gain of 1000 for both inputs in the frequency
interval from 100 kHz to 10MHz (see Fig. 6.16(a)). A 50-Ω noise resistance was connected
at the input. The noise was found to be independent of the chosen input. In the data
sheet a noise voltage of 4.0 nV/
√
Hz is given. This agrees well with the measured values,
which lie in the range between 3.8 nV/
√
Hz and 5.0 nV/
√
Hz. Here no 1/f -behaviour
for low frequencies was observed, since the 1/f -corner lies somewhere between 10Hz and
100Hz [88]. For our amplification this low frequency range is of no interest. In addition
the noise of amplifier B was measured for selected amplification settings at 100 kHz (see
Fig. 6.16(b)). For this purpose again a 50-Ω resistance was connected to the input B.
In Fig. 6.16(b) the noise specifications from the data sheet are included as well. For
amplifications higher than 100 the noise should be at a level of about 4 nV/
√
Hz which is in
agreement with the measured values. The difference between experiment and specification
increases with decreasing gain. A similar behaviour can be assumed for input A, since
in Fig. 6.16(a) it was found that the noise is independent of the chosen input for a fixed
gain.
Figure 6.16: Voltage noise of the Stanford Research Systems amplifier SR560 as a function
of the frequency. (a) Noise for a fixed amplification of 1000 for both inputs A and B. (b)
Noise for a fixed frequency of 100 kHz and variable amplification settings for amplifier B.
In addition the noise specified in the data sheet is displayed. The uncertainties in this
measurements are explained in the text.
For input B and a fixed gain of 1000, a current noise of 2,0 pA/
√
Hz at 0.1MHz, of
2.7 pA/
√
Hz at 0.5MHz, and of 2.1 pA/
√
Hz at 1MHz was measured. The current noise
was also examined for variable gain settings at a fixed frequency of 100 kHz (see Fig. 6.17).
In general the current noise decreases with higher adjusted gain in this frequency region.
This decrease and the decrease of the voltage noise with higher adjusted gain can be
explained with Frii’s Formula (see Eq. (3.18)). In case a small gain is adjusted, the noise
resulting from all parts of the circuit contribute to the total noise. If instead a high gain is
chosen and if especially the amplification is carried out at the front-end of the amplifier,
only the noise of the first amplification stage will dominate. An input capacitance of
46.5(2.3) pF for input A and of 48.8(2.5) pF for input B was determined. This is about
a factor of two higher than the specified value in the data sheet. Nevertheless, both
amplifier inputs show nearly the same capacitance.
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Figure 6.17: Current noise of the amplifier SR560 at 100 kHz for variable gain settings.
The values give only a rough estimate. For further details see text.
6.2.4 The NF-Corporation amplifier SA-220F5
The SA-220F5 is a super-low-noise FET amplifier characterised for a frequency interval
of 300Hz to 100MHz. Delivering a high gain of 46 dB and an input resistance of 1MΩ,
it should provide a noise-voltage density of 0.5 nV/
√
Hz and a noise-current density of
200 fA/
√
Hz at 100 kHz [89]. A photograph of the NF amplifier is shown in Fig. 6.18.
It has an AC coupled, unbalanced single-ended input, where the maximal input voltage
without damage amounts ±1.0V. Concerning the power requirements an operating sup-
ply voltage of ±15V±5% is needed. The maximum supply voltage without damage is
specified as ±16.5V. In the instruction manual it is advised that the equipment should be
used in combination with the dedicated power supply SA-915D1 to obtain the best noise
characteristic. Moreover, within this thesis work the amplifier was tested with standard
power supplies without any reduction in performance.
Figure 6.19 shows a simplified block diagram of the amplifier. A1 is an inverted FET
input stage with a gain of 20 dB and A2 is a differential DC servo amplifier which is
necessary to guarantee stable operation by minimum noise as well as gain stability of
100 ppm/◦C realised by an internal compensation circuit. The output amplifier A3 con-
Figure 6.18: Photograph of the NF-Corporation amplifier SA-220F5.
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Figure 6.19: Simplified block diagram of the amplifier SA-220F5 from NF-Corporation
[89].
sisting of a high speed operational amplifier provides the remaining 20 dB of amplification
and permits the 50-Ω output. The resistance R1 is 10MΩ and the signal is inductively
coupled in and out, where C1=0.1µF.
Notice that the uncertainties of the following calculated electrical properties have been
explained at the beginning of Sec. 6.2.
The gain was measured for two amplifiers (SA-220F5-1 and SA-220F5-2 ). It was
found to be 52 dB for both models and independent of the set frequency (see Fig. 6.20),
which agrees with the specifications.
The voltage noise of SA-220F5-1 and SA-220F5-2 was measured as well. Furthermore,
the influence of different used power supplies on the voltage noise was investigated. For
the measurements with the SA-220F5-1 amplifier the power supply Voltcraft PS 2403
Pro was used. In Fig. 6.21 the result is shown. The noise, about 0.4 nV/
√
Hz, was
also found to be nearly independent from the frequency and especially shows no 1/f
behaviour, although it was measured at 50 kHz and 10 kHz. These results correspond to
the specification given in the data sheet, even though no special voltage supply offered
by the company was used. In addition the influence of a battery-based voltage source on
the voltage noise was investigated. For this purpose two common ±15V batteries were
used as power supply for the SA-220F5-2. Table 6.2 shows the noise values measured
with batteries. A noise of about 0.4 nV/
√
Hz was found at all three frequency settings.
Moreover, the noise of the SA-220F5-2 was measured with a home made power supply
at 0.1MHz. A noise of 0.40 nV/
√
Hz was measured. In general the use of the batteries
has not improved the voltage noise level. This does not matter, since the noise level is
already excellent. Furthermore, the voltage noise is identical for both amplifiers.
Table 6.2: Voltage noise of the amplifier SA-220F5-2 using batteries. Here a uncertainty
of 3% can be assumed. For further information see text.
.
frequency voltage noise
0.1MHz 0.41 nV/
√
Hz
1MHz 0.40 nV/
√
Hz
10MHz 0.43 nV/
√
Hz
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Figure 6.20: Gain of two NF-Corporation amplifiers SA-220F5, called SA-220F5-1 and
SA-220F5-2. A nearly frequency independent gain of 52 dB was found for both which is
even higher than the 46 dB specified in the data sheet. The uncertainties are in the order
of 0.1 dB and are explained in text. For a better overview the data points are connected.
(
(
Figure 6.21: Voltage noise of the NF-Corporation amplifier SA-220F5-1 with an uncer-
tainty of about 3% (see beginning of this section) operated with the power supply Voltcraft
PS 2403 Pro.
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The input capacitance of the amplifier SA-220F5-1 was measured to be 65.4(3.3) pF,
which is higher than the specified value of 57 pF. This knowledge allows to calculate the
current noise (see Eq. (6.7)). The result is given in Tab. 6.3 and confirms the specification.
Table 6.3: Current noise of the amplifier SA-220F5-1 being only a rough estimate (see
text). Specified is a current noise of below 200 fA/
√
Hz.
frequency current noise
0.1MHz 30 fA/
√
Hz
0.5MHz 68 fA/
√
Hz
6.3 Experimental results and discussion
A summary of the amplifier characteristics is listed in Tab. 6.4. The data evaluation leads
to the following conclusions:
• The ZFL-500-LN from Mini-Circuits is well suited for different applications requir-
ing a 50-Ω amplifier input. Since the gain is constant (about 30 dB) and the voltage
noise small as well as nearly constant (about 1 nV/
√
Hz), it is an appropriate candi-
date for an additional amplification stage used after the actual broad-band FT-ICR
detection. Furthermore, it was a very helpful tool utilised for the measurements
concerning the charaterisation of the other amplifiers.
• The A5PAA401 from Bruker Daltonics does not meet the requirements. Four am-
plifiers were tested which actually should show almost the same gain and noise.
However, this was not the case and the gain was found to be a non-linear function
of the frequency. Thus, no constant response of the detection circuit can be realised.
Additionally the voltage noise was found to be too high for frequencies lower than
1MHz. Since here the gain and the voltage noise are limiting factors, it is of no
advantage that this amplifier shows the smallest input capacitance compared with
the others. The current noise was found to be in the range of 100 fA/
√
Hz.
• One of the favorites is the SR560 amplifier from Stanford Research Systems. A big
advantage is the variability of adjusting the gain and the small constant voltage
noise for high gain settings, which was tested at a fixed gain of 1000. The gain was
found to be nearly frequency independent for all adjusted values. Moreover, it can
be used as a differential or single ended amplifier. Disadvantages are the relative
high current noise and the high input capacitance which will lead to a decrease of
the S/N ratio.
• Another favorite is the SA-220F5 amplifier from NF-Corporation. It has a very
constant gain of 52 dB and the smallest voltage noise compared with all other am-
plifiers (0.4 nV/
√
Hz). All data sheet specifications could be reproduced, except
the input capacitance which was found to be higher. For this amplifier the current
noise, determined as 29.8 fA/
√
Hz at 100 kHz, has by far not the same influence on
the signal-to-noise ratio as the voltage noise. However, the high input capacitance
will decrease the signal-to-noise ratio.
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Table 6.4: Summary of the amplifier characteristics. The values presented in the last four
columns were measured, except the gain of the SR560 amplifier. The other values are
taken from the corresponding data sheets. In the previous section the uncertainties of
the here presented values have been discussed. The current noise values are only a rough
estimate of the amplifiers current noise (for more details see Sec.6.2).
frequency input gain voltage noise current noise input
range resistance at 100 kHz at 100 kHz at 100 kHz capacitance
SA-220F5-1 (0.01 - 100)MHz 1MΩ 51.9(1) dB 0.41 nV/
√
Hz 29.8 fA/
√
Hz 65.4(3.3) pF
SA-220F5-2 52.0(1) dB 0.40 nV/
√
Hz - -
BrukerB1 (0.05 - 3)MHz 20MΩ 32.6(1) dB 14.6 nV/
√
Hz - 17.4(9) pF
BrukerB2 28.7(1) dB 28.8 nV/
√
Hz - -
BrukerB3 36.2(1) dB 102.8 nV/
√
Hz 410 fA/
√
Hz 12.9(6) pF
BrukerB4 37.0(1) dB 63.8 nV/
√
Hz - 12.3(6) pF
SR560 input A 0.03Hz - 1MHz 100MΩ variable 4.1 nV/
√
Hz - 46.5(2.3) pF
1 - 50000 (gain 1000)
SR560 input B 3.8 nV/
√
Hz 2.0 pA/
√
Hz 48.8(2.5) pF
(gain 1000) (gain 1000)
ZFL-500-LN-1 (0.05 - 500)MHz 50Ω 30.6(1) dB 1.12 nV/
√
Hz - -
ZFL-500-LN-2 31.5(1) dB - - -
ZFL-500-LN-3 30.3(1) dB - - -
The theoretical S/N ratio following the model of Comisarow (see Eq. (3.20)) for a
coherent motion of 1000 ions was estimated for the two favoured amplifiers, the SR560
and the SA-2250F (see Fig. 6.22 and Tab. 6.5). Additionally, the signal-to-noise ratio was
estimated for an incoherent ion motion of 1000 ions. In this case it is proportional to the
square root of the number of ions and is abbreviated as (S/N)∗. The measuring results
of the previous sections permit to assume a constant voltage noise of both amplifiers in
the displayed frequency range. In addition the current noise was assumed to be constant,
which was measured to be approximately the case for the SR560. However, it was not
possible to measure the current noise of the SA-220F5 for high frequencies. Therefore, a
constant current noise of 150 fA/
√
Hz was assumed lying between the measured and the
specified value to obtain a rough estimate for the S/N ratio.
Concentrating on a frequency of 800 kHz, a typical value for many of our applications,
the S/N was determined to be 70 for the SA-2250F. However, this value decreases for a
completely incoherent motion down to 2. If additional noise sources, e.g. not originating
from the amplifier itself, are present, it will be problematic to obtain a sufficient signal-
to-noise ratio for a completely incoherent ion motion. The SR560 shows for 1000 ions in
coherent motion a S/N of 7 at 800 kHz, due to its higher voltage and current noise. For
a completely incoherent ion motion the signal-to-noise ratio amounts only 0.2. Here it is
really questionable wether a broad-band FT-ICR signal can be registered since so far no
external noise sources were considered.
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Table 6.5: Parameters for the signal-to-noise estimation following the model of Comisarow
(see Eq. (3.20)). The values were determined in Sec. 6.2. The capacitance at one trap
segment against ground including the cable capacitance was measured at SHIPTRAP to
be about 120 pF. To this value adds the input capacitance of the amplifier. Nion is the
number of ions, r the radius of the ion movement and d the distance between the trap
electrodes.
value SA-220F5 SR560
C 180 pF 170 pF
R 1MΩ 100MΩ
en 0.4 nV/
√
Hz 4 nV/
√
Hz
in 150 fA/
√
Hz 2 pA/
√
Hz
Nion 1000
r/d 0.05
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Figure 6.22: The S/N ratio for the SA-220F5 amplifier assuming a completely coherent
(a) as well as a completely incoherent motion (b) of the stored ions (Nion=1000) using
Eq. (3.20). Also the S/N ratio of the SR560 amplifier was calculated for a completely
coherent (c) and incoherent (d) ion motion. Table 6.5 shows the parameter settings used
for the calculations.
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A summary of sources which will lead to a decrease of the simulated signal-to-noise
ratio after Comisarow is given:
• In reality the detection electrodes are finite and have, in case of the purification
trap at TRIGA-TRAP, a cylindrical shape, which is not assumed in the model of
Comisarow and will lead to a decrease in the detected signal.
• No completely coherent motion of the ions in the Penning trap can be realised,
especially not at long timescales in the presence of a buffer-gas, which is the case in
the purification trap at TRIGA-TRAP. A measurement at long timescales however
is necessary for high resolution using FT-ICR.
• The larger the resonance width (∆ν), the more noise power is dissipated in the
resonance (∝ √∆ν · en) in relation to the power the ions put in the resonance (see
Eq. (3.9)).
• External noise sources like, e.g., power supplies for the ion transport will increase
the total noise level.
6.4 Test of the amplifiers at TRIGA-TRAP and SHIP-
TRAP
The experimental approach of the broad-band FT-ICR detection is outlined in Fig. 6.23.
Since the SR560 can be used as differential and the SA-220F5 as single ended amplifier,
two experimental setups were foreseen. With the SR560 the signals from two opposite
trap segments are differentially detected and amplified. In a next step the signal is shifted
to lower frequencies with a mixer which is connected to a local oscillator (LO). In a last
SR560
+
-
Mixer
LO
FFT
analyser
FFT
analyser
Mixer
Mixer
LO
SA-220F5
SA-220F5
+
-
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(b)
Figure 6.23: Illustration of the experimental setup for the broad-band FT-ICR detection.
(a) Experimental setup using the amplifier SR560 enabling a differential detection of
the current induced in two opposite ring segments. (b) Experimental setup using two
SA-2250F, where each one is connected to one trap segment.
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step the Fourier transformation is carried out with a FFT analyser. Since the SA-2250F
is not a differential amplifier, the signal of each trap segment is first amplified, mixed
down and then differentially detected and evaluated with the FFT analyser. Both mixers
are connected to the same frequency generator to avoid frequency shifts.
First tests at TRIGA-TRAP:
Since the TRIGA-TRAP experiment was in the commissioning period it was only possible
to determine the noise background in the reactor hall by connecting the amplifiers to the
unloaded Penning trap. At that time the trap electrodes were not connected to the
CAEN power supply providing the voltages for the different electrodes. Both setups
shown in Fig. 6.23 were assembled and the noise level was investigated at a frequency
of 895.7 kHz. The frequency was chosen to be near the cyclotron frequency of caesium
ions, since those ions can be easily produced later for test purposes with the surface ion
source. In addition the noise level was checked for the case that the SR560 or the SA-
220F5 were connected to only one trap segment. The signal outputs of the non used trap
electrodes were covered with 50-Ω resistors. Two mixers ZAD-6+ from Mini-Circuits as
well as a function generator DS345 and a FFT analyser SR760 from Stanford Research
Systems were used. The frequency range of the SR760 lies between 0 and 100 kHz. For
the measurements carried out, the gain of the SR560 was set to 500 and a bandpass filter
was adjusted using a high pass at +6 dB/octave and a cut-off frequency of 10 kHz and
low pass at +6 dB/octave and a cut-off frequency of 1MHz. All results are summarised
in Tab. 6.6 and they clearly speak for a differential detection.
The inherent noise of the amplifier (see Eq. (3.19)) amounts at 895.7 kHz with the
parameters given in Tab. 6.5 for the SR560 (gain 500) to about 5 nV/
√
Hz and for the SA-
220F5 to about 0.4 nV/
√
Hz. The expected voltage amplitude is calculated to ≈ 30 nV
(see Eq. (3.9)).
These results lead to the conclusion that not the noise of the amplifier, but the noise
picked up from outside is the limiting factor in detection. The total noise etotal can be
expressed as
etotal =
√
e2extern + i
2
n|Z(ω)|2 + e2n, (6.15)
where eextern is the noise picked up from external noise sources. Within the tests carried
out here the signal cables were installed unscreened aside each other in air in an aluminium
box so that they easily could pick up noise or disturb each other. Since TRIGA-TRAP is
located in a comparable small and closed reactor hall, less external interferences resulting
from the environment are expected than at SHIPTRAP, where the experiment is placed
in an experimental hall with a lot of other experiments.
First tests at SHIPTRAP:
In a first test the amplifier SA-220F5, supplied with a Voltcraft power supply, was con-
nected to one ring segment of the purification trap and the amplified signal was checked
with an oscilloscope TDS3032 from Tektronix. Note, that the ring was set to zero volt,
to avoid damage of the amplifier due to a to high input DC voltage.
Without being connected to the trap, the amplifier showed at the oscilloscope a voltage
signal of about 40mVpp. After the amplifier was connected and caesium ions were stored
inside the trap, the signal increased up to 5.3Vpp. The signal amplitude unfortunately
did not result from stored ions rather from a disturbing signal of 13.4mVpp existing at
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Table 6.6: Noise level investigations at TRIGA-TRAP and SHIPTRAP.
TRIGA-TRAP SHIPTRAP
eextern/nV/
√
Hz eextern/nV/
√
Hz
SR560 single ended 230 270
SR560 differential 30 20
SA-220F5 single ended 10 40
SA-220F5 two differential 5 not tested
the input. It turned out that the power supplies to switch the inner correction electrodes
contribute a huge amount to this level. Therefore filter boards originally designed for
TRIGA-TRAP [71] were installed. These filters were designed for the four segments of
the ring electrode being at the same potential as well as for the endcap and correction
electrodes. A DC voltage as well as an AC voltage, which is feed in via a capacitive decou-
pled input, can be applied. The RC filters are bridged with a diode circuit enabling that
the voltage pulses to switch the potentials on the electrodes with short rise times could
pass the filter. A major problem is that the endcap and correction electrodes are supplied
at the input and output side over a voltage divider [71]. If the filters were connected
to the electrode system, the pulse shape was no longer sufficient to guarantee efficient
ion in- and ejection. Therefore only the signal to the outer correction as well as to the
endcap electrodes was filtered and the inner correction electrodes were set to a constant
potential. The signal decreased down to 700mVpp, meaning that 1.7mVpp were at the
amplifiers input.
So far the signal was only checked with an oscilloscope and no voltage density was
measured. To this end a FFT analyser SR780 from Stanford Research Systems was used
for further investigations. The detection at one ring segment of the purification trap was
tested with the SA-2205F and the SR560. In addition, the differential detection was
tested according to Fig. 6.23(a) using the amplifier SR560 and the mixer ZAD-6+:
• Various tests have been performed with the SA-220F5 in order to decrease the
unwanted noise level. The voltage level was found at the end to be approximately
40 nV/
√
Hz. The influence of different power supplies (batteries and the Voltcraft
power supply) on the noise level was checked. At the present noise level no clear
result was obtained. It can be assumed that the influence of the voltage supply
becomes important when the noise level is already low. In a next test, the filter
boards were placed closer to the trap, to decrease the influence of noise picked
up along the cable path. No significant improvement was found. In addition two
adjacent ring electrode segments were connected to increase the induced current
signal. The noise level does not change a lot but still no resonance was detected.
Further investigations of the noise level in the precision trap were performed: Less
pressure and thus a longer coherent motion and a smaller trap capacitance leads to
the assumption that it might be easier to detect ions in the trap. The signals of the
purification trap were again filtered, but the existing noise couples to the precision
trap and a nearly equal noise level compared to the purification trap was obtained.
• Using the single input of the SR560 a high noise level of about 270 nV/√Hz was
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obtained. With this high noise level it is absolutely impossible to detect a voltage
signal induced from stored ions.
• The differential detection was tested with the SR560 where a gain of 500 was used.
In this case the lowest noise level was about 20 nV/
√
Hz.
All results are summarised in Tab. 6.6. The assumed limit in detecting ions with co-
herent motion is reached for the SR560 in the differential mode, since the external noise
level is in the order of 20 nV/
√
Hz and the signal should have a voltage amplitude of
about 30 nV. It should be mentioned again that the voltage amplitude was calculated
with a simplified model and a coherent motion and thus the signal can be easily smaller
(see Sec. 6.3).
Since the GSI switches contribute a lot the total noise and are in use also at TRIGA-
TRAP, improved replacements are presently under construction. After the completion of
TRIGA-TRAP and the installation of new switches, further tests will be accomplished,
especially the differential detection using the two SA-220F5 amplifiers should be checked.
Chapter 7
Summary and outlook
This thesis was accomplished during the commissioning of the double-Penning trap ex-
periment TRIGA-TRAP which is located at the research reactor TRIGA (Training and
Isotope production reactor General Atomic) at the Institute of Nuclear Chemistry at the
University of Mainz. The uniqueness of TRIGA-TRAP distinguishing it from other Pen-
ning trap facilities worldwide is the fact that it is located at a reactor and that it aims for
direct on-line mass measurements of neutron-rich fission products to obtain input data
for astrophysical calculations. Moreover, it aims for off-line mass measurements on heavy
ions from uranium to californium for test of mass models.
In the scope of this work essential developments concerning TRIGA-TRAP have been
accomplished. One major part was the investigation of the magnetic field of the super-
conducting magnet a crucial issue for precision mass spectrometry with Penning traps.
The two homogeneous centers of the magnet were determined, and thus, it was possible
to place the Penning traps at the correct positions. Before, the trap tube was successfully
aligned parallel to the magnetic field lines with the use of an electron gun. A misalignment
between the trap axis and the magnetic field lines of better than 0.05◦ is achieved. The
temporal field stability using compensation coils was determined to be -4.3(22.8)·10−11/h
which is an excellent value, compared to other Penning trap experiments like ISOLTRAP.
A next step would be to determine this value over a continuous period of time by measure-
ment of the cyclotron frequency of a stored ion in the Penning trap, which would be much
more accurate than the NMR measurements. Without using the compensation coils a
temporal field stability of -3.7(2)·10−9/h in the precision trap and of -3.2(2)·10−9/h in the
purification trap region was found. The spacial homogeneity was measured in a volume
of 0.4 cm3 to be 2.1(2) ppm in the precision trap and to be 3.7(2) ppm in the purification
trap region. Moreover, the influence of the magnetic field inhomogeneities in the trap
regions on the ion’s cyclotron frequency was calculated to be ∆νc/νc=2.9(1.1)10
−9 in the
precision and ∆νc/νc=5.6(3)10
−9 in the purification trap region. Since TRIGA-TRAP
aims for relative mass uncertainties of 10−7 - 10−8, this does not cause further uncertainties
in the mass value. A mapping of the magnetic field in the horizontal plane containing the
magnets axis was carried out and it was confirmed that the field on the safety path of the
reactor is <1mT. Moreover, the field in the vertical plane containing the magnets axis
was measured. Thus, it is now possible to place electrical equipment taking care on the
magnetic fringe field. The magnetic field gradient on the axis of the traps from the preci-
sion trap to the detector, being of particular importance for the ToF-ICR detection, was
successfully determined and mathematically described using a modified Helmholtz model.
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In high-precision Penning trap mass spectrometry on short-lived radionuclides, nowa-
days, commonly the destructive time-of-flight ion cyclotron resonance detection technique
is used. This is ideally suited for short half-lives but limited by the production rate of
these nuclides at radioactive beam facilities. In case of very low production rates, i.e. less
than 1 ion/s, but rather long half-lives in the order of minutes and longer, as e.g. in the
heavy and superheavy mass region above uranium which is the mass region of interest at
TRIGA-TRAP, a non-destructive detection technique is demanded. This non-destructive
method can be used as well to monitor the content of the ion cloud coming from the
source and, in a modified version, to even detect a single ion. Within this work, a part of
the non-destructive detection system for TRIGA-TRAP has been developed, which will
be used to investigate the ion bunch from the source in a first Penning trap with about
1000 ions stored.
To this end amplifiers were characterised and examined concerning their applicability
for a broad-band Fourier Transform-Ion Cyclotron Resonance (FT-ICR) detection at the
TRIGA-TRAP purification Penning trap. In this context the principles of ion storage
in Penning traps, the theoretical principles of the FT-ICR detection technique, here es-
pecially the estimation of the signal-to-noise ratio, have been discussed. In addition the
requirements on the amplifiers and the signal processing steps concerning noise proper-
ties were derived. For each amplifier under consideration electronic properties like gain,
equivalent input voltage noise, current noise, and input capacitance have been specified.
In particular, three different models have been investigated out of which the model SR560
from Stanford Research Systems and the model SA-220F5 from NF-Corporation meet the
requirements. Additionally, these two amplifiers have been tested at TRIGA-TRAP and
SHIPTRAP. The interference noise picked up from outside turned out to be the limiting
factor in case of the amplifiers connected to an unloaded Penning trap. Since TRIGA-
TRAP is still in the commissioning period, tests with about thousand stored caesium ions
had to be carried out at SHIPTRAP. Here, it was not yet possible to demonstrate the
broad-band detection due to the high background noise level. This was mainly due to the
used power supplies for the trap electrodes.
This result lead to the development of a new type of switchable power supply to
solve this problem for TRIGA-TRAP. After finishing these new supplies, the broad-band
FT-ICR detection can be demonstrated. Here also the SA-220F5 amplifiers should be
tested, which has not been done at SHIPTRAP before. Moreover, the simulations of
the expected signal-to-noise ratio showed that the number of ions performing a coherent
motion is essential to obtain a sufficient signal. To this end, further investigations have to
be done concerning the influence of the buffer gas on the broad-band FT-ICR signal. This
is a different situation compared to the common use of this technique, where good vacuum
conditions are achieved. In case of TRIGA-TRAP, buffer gas is needed in the purification
trap for cooling purposes. Since only a rough monitoring of the ion beam content from
the source is aimed for, this should not cause too much problems but nevertheless it has
to be tested.
The progress in the last few month was a big step forward regarding the setup of
TRIGA-TRAP. Thus, we aim for the first off-line measurements at the end of the year
using already the broad-band FT-ICR detection for beam monitoring purposes.
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